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THE  ELLIPSOIDAL  VARIABLE  STAR,  h  PERSEI 

By  JOEL  STEBBINS 

ABSTRACT 

Variable  star  b  Persei;  photometric  sttidy. — During  1920-1922,  140  observations 
were  made  with  a  photo-electric  photometer.  The  light-curve  plotted  from  the  normals, 
Figure  i,  shows  this  star  (magnitude  4.57;  spectrum  A2)  to  be  an  ellipsoidal  variable, 
with  a  period  of  1.52732  days  and  a  t5tal  range  of  variation  of  o¥o6,  of  which  about 
0^05  is  due  to  the  ellipsoidal  figure  of  the  components  of  the  binary  system,  and  the 
rest  may  be  ascribed  to  a  periastron  effect  in  the  elliptical  orbit.  If  there  is  any  eclipse 
it  is  slight.  The  precision  of  the  measurements  is  such  that  the  probable  error  of  a 
normal  is  =<=  0^0027. 

Comparison  star  X  Persei  is  probably  constant  in  light. 

The  variability  of  h  Persei  was  discovered  at  this  observatory 
in  1920,  and  it  was  very  soon  found  that  the  variation  is  due  to 
the  eUipsoidal  figure  of  the  components  of  this  binary  system, 
period  1.52732  days.  Series  of  observations  have  been  taken 
with  the  photo-electric  photometer  during  the  winters  of  19 20-1 921 
and  1921-1922. 

Following  are  the  Harvard  data  for  the  variable  and  the  com- 
parison star: 

H.R.  1324,  b  Persei,  magnitude  4.57,  spectrum  A2 
H.R,  1261,  X  Persei,  magnitude  4.33,  spectrum  Ao 

It  was  not  convenient  to  take  another  comparison  star,  and  in  the 
long  series  of  observations  there  has  been  no  evidence  of  vari- 
ability of  X  Persei. 
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In  Table  I  are  the  observations.  The  first  column  gives  the 
JuHan  date.  The  phase  is  computed  from  the  final  elements,  the 
reduction  of  the  times  to  the  sun  being  neglected.  Each  difference 
of  magnitude  is  derived  from  the  number  of  sets  of  measures  indi- 
cated, each  set  being  the  mean  of  four  measures  on  each  star  taken 
symmetrically.  The  few  measures  which  were  rejected  are  placed 
in  parentheses.  Where  haze  or  smoke  is  indicated,  it  was  only 
suspected  that  the  poor  conditions  may  have  affected  the  measures, 
though  the  readings  themselves  did  not  show  it. 

The  observations  in  Table  I  were  combined  into  the  normal 
magnitudes  in  Table  II  in  the  usual  way,  each  normal  being  the 
mean  of  some  twenty  to  twenty-four  sets  of  measures,  and  after 
once  formed  the  normals  were  all  considered  to  be  of  equal  weight. 

For  a  comparison  with  the  light-curve  we  have  the  spectroscopic 
elements  by  Cannon.^ 

P=  1. 52732  days 

e  =  0.  22±0.02I 

a,=  i5i?75±2?o8 
2r=4i.89  km/sec±o.97  km/sec 
7  =  23.09  km/sec ±0.5 7  km/sec 
r=J.D.  2418956. i66±o. 02  daj' 
a  sin  i  =  837,600  km 

The  faint  secondary  spectrum  was  measured  and  gives 
Wi  sin^  1  =  0.850,  and  niz  sin^  ^=0.23©. 

From  a  graph  of  the  normals  there  was  derived  the  epoch  of 
primary  minimum  which  was  found  to  occur  0.033  day  later  than 
the  prediction  from  the  spectroscopic  elements.  Cannon's  period 
was  derived  from  observations  extending  from  1903  to  19 10,  and  the 
discordance  between  the  light-curve  and  the  prediction  is  accounted 
for  by  a  correction  of  only  +0.000013  day  to  his  period.  However, 
I  have  adopted  the  spectroscopic  period  unchanged  for  the  present 
purpose,  and  the  adopted  light  elements  of  b  Persei  are  as  follows: 

Minimum  =  J. D.  2422780.433+ 1*^52732 •£ 

The  phases  in  Tables  I  and  II  are  computed  from  these  elements. 

^Publications  of  the  Dominion  Observatory,  i,  298,  1914. 
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TABLE  I 

Observations  of  b  Persei 


Date,  G.M.I 

r.      Phase       b 

-X 

Sets 

Remarks 

Date,  G.M.T 

Phase 

b-\ 

Sets 

Remarks 

2422384  8i8. 

l'?409      0'!' 

394 

3 

2422716.738. 

.  .    o'?452 

(0M376) 

6 

Rejected 

2585.809 

..     0.873 

392 

3 

2718.594. 

..     0.781 

.392 

6 

2586.781. 

..     0.318 

350 

3 

.638. 

..     0.825 

.390 

6 

2591.767 

0.722 

387 

3 

2723.600. 

..     1.205 

.355 

5 

Haze 

2592.760 

..     0.187 

369 

3 

2735  566. 

..    0.953 

■369 

6 

2509-749 

1 .067 

331 

3 

•  592 

..     0.979 

.367 

6 

2601 .731 

..      1.522 

417 

3 

.617 

. .     1 .004 

.371 

6 

2603.738 

..     0.474 

336 

6 

.640 

1.027 

.356 

6 

2605.703 

0.912 

386 

6 

.667 

..     1.054 

.360 

6 

2606.756 

..     0.437 

330 

3 

■731 

..     1.118 

(.354) 

2 

Test  only 

2607 .742 

..      1.423 

392 

6 

2737.592 

..     1.451 

.396 

6 

2609.685 

..     0.312 

335 

3 

.6ir 

..     1.470 

.404 

3 

2613 .708 

..     1.280 

36s 

6 

2738.566 

..    0.898 

.368 

6 

Poor 

.766 

..      1.338 

376 

6- 

.606 

..     0.938 

.378 

6 

Poor 

2618.676 

..     0.139 

383 

6 

2742.629 

..     0.379 

.340 

6 

753 

..     0.216 

361 

3 

2744.642 

..     0.865 

.389 

2 

2619.704 

..     1.167 

345 

6 

2751  631 

0.217 

.383 

3 

2627.683 

.  •     1 .  509 

398 

6 

2752.596 

..     1. 182 

.366 

6 

2632.642 

..     0.3S9 

339 

6 

2758.572 

..     1.049 

.379 

6 

.723 

..     0.440 

316 

3 

.598 

-.     1.075 

.361 

6 

2633.653 

.        1.370 

378 

6 

2759.576. 

..     0.525 

.349 

2 

2639.724 

■     '332 

386 

3 

2766.573 

..     1.413 

.388 

4 

2641 .675 

.  .     0.228 

360 

6 

Smoke 

2778.572 

..     1.194 

•  344 

6 

2642 .662 

..       1. 215 

350 

6 

2780.583 

..     0.150 

■  415 

3 

2647  .619 

..    0.063 

399 

6 

2954.793 

0.246 

.368 

6 

.704 

0.148 

397 

6 

.811 

0.264 

.354 

3 

2648.668 

1. 112 

364 

6 

2955.815 

.  .     1 . 268 

.369 

6 

.738 

..       1.182 

361 

3 

3958.842 

1.240 

.362 

6 

2649.656 

..      0.553 

354 

6 

2967.790 

1 .024 

.364 

6 

.703 

0.620 

381 

3 

2970.749 

0 .928 

.366 

4 

2656.651 

..       1.458 

407 

6 

Smoke 

2975  728 

..     1.325 

.365 

3 

2669.590 

..      0.651 

383 

6 

2976.740 

0.810 

.392 

6 

.675 

..      0.736 

394 

6 

2977.706 

■ .     0 . 249 

.358 

6 

2670.684 

..      0.218 

357 

3 

■  754 

..     0.297 

.360 

6 

2674 .690 

I  .169 

358 

3 

2983.786 

0.219 

.382 

6 

Smoke 

2675.580 

■■      0.532 

358 

6 

2984 . 693 

1. 126 

■    .355 

6 

.628 

..      0.580 

382 

6 

.746 

..     1.179 

.348 

6 

.649 

0.601 

363 

3 

2986.694 

..    0.073 

.396 

3 

2682.634 

•■      1.477 

400 

6 

■  740 

0.119 

.392 

5 

.672 

•■      I.5IS 

404 

6 

3015.705 

.  .    0.065 

.386 

5 

.702 

0.017 

409 

6 

3033   707 

..     1.266 

.362 

6 

Haze 

•  7SO 

..      0.06s 

406 

6 

3037.728 

. .     0 . 705 

.373 

3 

.772 

0.087 

388 

6 

3043.655 

..     0.523 

■  359 

6 

2683.764 

.         1.079 

359 

6 

3049.689 

0 .  448 

.345 

6 

.783 

..       1.098 

343 

3 

3054.704 

..    0.881 

.388 

6 

2692.690 

0.842 

374 

3 

.740 

..     0.917 

.381 

6 

2695.575 

0.672 

384 

6 

Smoke 

3056.754 

. .     1 .403 

.392 

6 

.608 

••      0.705 

388 

6 

Smoke 

3062 .646 

..     1. 186 

.348 

6 

.705 

..      0.802 

387 

6 

•  719 

..     1.259 

.363 

3 

.754 

..      0.851 

392 

6 

3063.670 

..     0.683 

.379 

6 

.778 

..      0.87s 

385 

6 

3068.669 

1 .100 

.362 

6 

•  795 

..      0.892 

398 

3 

.758 

..     1.189 

.364 

6 

2698.550 

...      0.592 

390 

6 

Smoke 

3069.783 

..    0.687 

.396 

6 

.644 

..      0.686 

395 

6 

Smoke 

3071 .628 

.  .     1 .004 

.368 

6 

.675 

...      0.717 

397 

6 

3076.666 

..     1.460 

.413 

6 

.706 

.  .  .      0 . 748 

398 

6 

-730 

..     1.524 

.405 

6 

.722 

.  .  .      0 . 764 

385 

3 

3087.614 

0.190 

.384 

6 

2699.642 

...     0.1S7 

38s 

6 

3089.590 

..     0.638 

.370 

6 

.687 

.  .  .     0.202 

379 

6 

.620 

..    0.668 

.393 

3 

•  742 

...     0.257 

354 

6 

.692 

..    0.740 

.406 

6 

2706.698 

.  .  .     1 . 104 

366 

4 

Poor 

3101.643 

..    0.473 

.340 

6 

Smoke 

2716.528 

. .  .     0.242 

.363 

6 

3103.576 

..    0.878 

.400 

3 

■SS4 

.  ..     0.268 

358 

6 

3105.642 

..     1. 417 

.398 

2 

Smoke 

.584 

.  .     0 . 298 

.358 

6 

3116.578 

..    0.135 

•  396 

6 

Smoke 

.656 

■•     0.370 

.348 

6 

3117.575 

•       '-'32 

.359 

6 

.678 

.  ..     0.392 

352 

6 

3125-578 

..       1.498 

.397 

6 

.702 

...     0.416 

354 

6 
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The  normals  are  shown  in  Figure  i,  and  it  is  evident  that  in 
addition  to  ellipsoidal  variation  there  is  a  slight  effect  possibly 


TABLE  II 

I^ORMAL  Magnitudes 


Phase 


0^034 
0.087 
0.142 
o.  184 
0.221 
0.249 
0.284 
0-356 
0.424 
0.494 
0.564 
0.638 
0.682 
0.718 

0.757 
0.817 


Days 


i-X 


'400 
396 
395 
381 
369 
361 
358 
342 
344 
345 
371 
378 
388 
390 
397 
387 


Residual 


—  0*^003 

.000 

+  .009 

+  .004 

+  .001 

—  .001 
+  .003 

—  .004 

—  .002 

—  .008 
+  005 

—  .002 
-)-  .001 

—  .001 
+  003 

—  005 


Phase 


'867 
896 

935 
003 

047 
087 
120 

175 
189 
227 
279 

365 
427 
466 
509 


b-\ 


Residual 


'391 
383 
374 
368 
360 
358 
361 

353 
354 
357 
365 
383 
393 
406 
402 


+0^003 
.000 

—  .003 
+  -003 
+  .oor 
+  .003 
+   .008 

—  .001 

—  .002 

—  .003 

—  .004 

—  -003 

—  .004 
+    -004 

—  .002 


Difference 

of 
Magnitude 

0.34 

•36 

0 

\ 

/\^ 

P 

•38 

/ 

/ 

\ 

\ 

/ 

\ 

/ 

.40 

V 

J° 

V 

0 

y6 

\ 

1 
\      'rv 

/ 

.42 

^ 

y 

\d9^ 

or 
1 
1 

1 
1 
1 
1 
1 

0.2  0.4  0.6  0.8  I.O  1.2 

Fig.  I. — The  light-curve  of  b  Persei 


1.4 


1.6 


due  to  the  close  approach  of  the  bodies  at  periastron,  the  spectro- 
scopic eccentricity  of  the  orbit  being  0.22.  It  seemed  best  to 
assume  that  there  are  no  eclipses,  and  to  represent  the  variation 
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with  as  few  periodic  terms  as  can  be  given  a  simple  physical  inter- 
pretation. From  a  least-squares  solution  of  the  equations  set 
up  from  the  thirty-one  normals,  I  find  the  following: 

w  =  -|-o'^3492— 0^^0040  sin  6-\-o^oo^2  cos  0+o'^o498  cos^  6         ,  . 
±8  ±7  ±7  ±14  ^^^ 

Here  m  is  the  magnitude  referred  to  X  Persei,  and  the  probable 
errors  of  the  different  terms  are  each  given  below  the  corresponding 
quantity.  The  terms  in  sin  6  and  cos  6  take  care  of  the  combination 
of  the  periastron  effect  and  a  possible  reflection  of  Hght  from  the 
adjacent  sides  of  the  two  bodies,  while  the  term  in  cos^  6  may  be 
considered  as  due  to  the  ellipsoidal  figure. 

The  probable  error  of  one  normal  magnitude  is  =±=0^^0027,  and 
the  probable  errors  of  the  different  terms  in  (i)  are  all  of  the  order 
of  a  thousandth  of  a  magnitude.  As  far  as  accidental  error  is  con- 
cerned, the  results  may  be  considered  satisfactory,  but  there  is 
always  a  possibility  of  systematic  error  in  the  correction  for  the 
atmospheric  extinction,  which,  however,  was  usually  less  than  o'^o2. 

Equation  (i)  may  also  be  written: 

w  =  -|-o"3492-(-o¥oo66  sin  (0—232?4)-f  0^0498  cos^  0  ,. 

±8  ±7  ±6?i  ±14  ^^^ 

The  second  term  in  (2)  gives  a  maximum  of  light  at  phase  0.604 
day  or  0.429  day  after  periastron,  but  with  the  other  complications 
there  is  no  certainty  that  this  difference  is  of  any  significance. 
There  is  the  possibility  that  the  apparent  difference  of  about  o'^oi 
between  the  two  minima  is  due  to  an  eclipse  at  the  predicted 
primary  and  not  at  secondary.  The  relative  distances  between 
centers  of  the  bodies  at  these  times  are  as  0.86  to  1.06.  It  is  some- 
times difficult  enough  to  separate  the  exact  ellipsoidal  variation 
from  the  eclipses  in  stars  like  /3  Lyrae,  but  in  the  case  of  b  Persei 
there  is  no  hope  of  separating  any  minute  eclipse  effect  from  the 
small  continuous  variation.  One  thing  is  obvious  from  the  curve, 
however,  and  that  is  that  the  component  bodies  rotate  with  uniform 
motion,  although  the  eccentricity  of  the  orbit  gives  rise  to  large 
librations. 
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It  may  be  noted  that  (i)  or  (2)  gives  the  light  minimum  of  the 
system  at  ^=  —  2?2,  or  phase  —0^009,  on  the  basis  of  the  adopted 
elements.  Also  the  single  term  in  cos^  6  arbitrarily  fixes  the  direc- 
tion of  the  axes  of  the  hypothetical  rotating  ellipsoids,  whereas  the 
use  of  terms  in  both  sin  2 9  and  cos  26  would  leave  this  orientation 
to  be  determined  by  the  solution.  However,  I  have  limited  the 
number  of  terms  to  the  fewest  possible,  and  with  the  observations 
satisfied  with  a  probable  error  of  less  than  ='=o'^oo3  for  a  normal 
magnitude,  any  further  refinement  seems  superfluous.  It  might 
be  that  new  spectroscopic  measures  would  indicate  a  rotation  of  the 
line  of  apsides,  and  also  verify  the  correction  to  the  period. 

A  rough  summary  of  the  results  for  this  system  is  that  the  light 
variation  is  due  to  the  bodies  being  elongated  at  least  5  per  cent, 
while  there  is  possibly  a  sHght  periastron  effect  of  about  a  hundredth 
of  a  magnitude. 

I  am  indebted  to  Mr.  C.  C.  Wylie  for  sharing  the  observations  on 
this  star.  The  work  is  part  of  that  accomplished  under  grants 
from  the  Draper  fund  of  the  National  Academy  of  Sciences. 

University  of  Illinois  Observatory 
June  1922 


AN  EXTENSION  OF  THE  FUNDAMENTAL  INFRA- 
RED ABSORPTION  BAND  OF  HYDROGEN 
CHLORIDE 

By  W.  F.  COLBY,  C.  F.  MEYER,  AND  D.  W.  BRONK 

ABSTRACT 

Fundametital  absorption  band  of  HCl  at  3.4  /i. — With  the  help  of  a  new  grating  of 
the  echelette  type,  which  has  2800  Unes  to  the  inch  and  throws  most  of  the  energy  into 
the  first  order  in  the  region  3.5  /x,  this  band  has  been  extended  from  3.9  to  4.2  /x.  The 
seven  new  principal  lines  measured  bring  the  total  number  to  39  and  enable  the  con- 
stants of  the  empirical  formula  to  be  determined  with  considerable  accuracy.  Revised 
constants  for  Kratzer's  theoretical  formula  are  also  given,  and  a  table  of  all  wave- 
numbers,  observed  and  calculated.  A  new  group  of  faint  lines  was  found  in  the  new 
region  lying  between  the  principal  lines  w=  — 12  to  — 17,  but  with  not  quite  the  same 
spacing.  The  tests  made  prove  the  new  lines  to  be  real  and  not  due  to  ghosts  or 
reflections.  They  appear  only  when  the  gas  is  heated  (500°  C),  and  they  may  corre- 
spond to  a  change  of  radial  quantum  from  i  to  2  although  the  frequencies  do  not  agree 
with  those  predicted  by  Kratzer. 

In  a  previous  communication'  two  of  us  reported  the  results  of 
measurements  made  upon  the  fundamental  spectral  absorption 
region  of  hydrogen  chloride.  The  measurements  were  made  for 
the  most  part  on  the  side  of  the  center  toward  short  wave-lengths 
(positive  side).  This  side  of  the  band  appeared  at  the  time  to  be 
the  most  interesting,  and  we  were  under  the  impression  that  atmos- 
pheric absorption  would  set  in  upon  the  other  side  after  the  twelfth 
line. 

Certain  speculations  of  Kratzer^  have  lent  interest  to  the  investi- 
gation of  the  side  of  the  band  toward  long  wave-lengths  (negative 
side),  and  the  present  work  has  to  do  mainly  with  measurements 
on  this  side.  Upon  actual  examination  it  develops  that  atmospheric 
absorption  does  not  set  in  until  the  eighteenth  line,  and  even  the 
nineteenth  has  been  measured.  The  atmospheric  absorption  is 
due  to  carbon  dioxide,  and  not  to  water- vapor  as  was  erroneously 
stated. 

We  have  used  in  this  work  a  diffraction  grating  ruled  by  Dr. 
Barker  of  this  laboratory  upon  the  first  Rowland  ruUng  engine. 
The  grating  has  a  ruling  of  2800  lines  to  the  inch  and  throws  most 

'  Astro  physical  Journal,  53,  300,  192 1. 
'  Zeitschriftf.  Physik,  3,  289,  1920. 
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of  the  energ}'  into  the  first  order  in  the  region  3.5  /x.  The  amount  of 
energ}'  obtained  from  it  is  many  times  greater  than  with  the  7500 
Hne  grating  previously  used,  and  it  is  possible  to  detect  much  smaller 
percentages  of  absorption.  This  additional  power  has  led  to  the 
discovery  of  a  series  of  faint  lines  between  the  principal  Hnes  in  the 
region  m=  —12  to  m=  —17. 

Figure  i  represents  schematically  the  entire  known  hydrogen 
chloride  spectrum,  including  what  is  new  in  the  present  investiga- 
tion. The  lengths  of  the  vertical  lines  are  roughly  proportional  to 
absorption  percentage.  In  Figure  ih  the  principal  Lines  of  the 
fundamental  are  shown.  Of  these  numbers  — 13  to  — 19  are  now 
published  for  the  first  time.  The  faint  lines  in  the  fundamental  are 
also  shown.  In  Figure  la  the  principal  lines  ot  the  harmonic  are 
shown,  and  the  faint  lines  in  the  harmonic  ascribed  by  Loomis  and 
Kratzer  to  the  isotope  of  chlorine. 

The  wave-numbers  of  the  new  Hnes  cf  the  fundamental  band  are 
given  in  Table  I  with  the  wave-numbers  of  the  old  lines  subjoined  to 
make  the  table  complete.  The  wave-numbers  are  waves  per  deci- 
meter. Table  I  thus  includes  39  lines  of  the  fimdamental  band,  a 
sufficient  number  to  make  the  determination  of  the  constants  in  the 
empirical  formula  more  reliable.  The  following  formula  has  been 
determined  by  the  method  of  least  squares: 

j'=  28860. 7-I- 205. 983in— 3.010228^^—0. 02056583n^ 

Wave-numbers  computed  from  this  equation  are  given  in  Table  I 
and  also  the  differences  between  them  and  the  obsen^ed  values. 

Kratzer  has  extended  the  general  theorj-  of  band  spectra  in 
this  region  to  cover,  in  particular,  bands  of  the  present  t\"pe  which 
are  due  to  molecules  in  which  the  \'ibration  is  not  harmonic.  His 
formula  for  this  band  may  be  written  with  slightly  different  notation 
as  follows: 

-  {a^+shu'/4Tr'I)m^-{ku'/ST'I)m\ 

In  this  formula  m  indicates  the  number  of  the  line  counting  from  the 
center.  It  is  positive  on  the  high  frequency  side  and  negative  on 
the  low  frequency  side.     This  usage  is  ver\-  convenient  and  has 
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been  customary  in  previous  experimental  work.  It  has  the  addi- 
tional advantage  of  allowing  one  to  represent  both  sides  of  the  band 
by  one  equation.     For  the  phenomenon  of  absorption,  m  thus  indi- 


TABLE  I 


■19 

-18 

-17 
-16 

■15 
■14 

-13 
-12 
-II 
■10 

■  9 

-  8, 

■  7 

■  6 

■  S 
•  4 

■  3 

-  2, 

-  I, 

I. 

2, 
3 
4 
5. 
6 

7- 
8, 

9 
10 
II, 
12 
13 
14 
IS 
16 

17 
18 

19 
20 


V  (obs.) 


p  (calc.) 


24012 

24001 

24299 

24298 

24585 

24590 

24879 

24879 

25163 

25163 

25443 

25443 

25717 

25719 

25987 

25991 

26252 

26258 

26520 

26520 

26775 

26778 

27031 

27031 

27278 

27278 

27520 

27521 

27760 

27758 

27991 

27990 

28217 

28216 

28437 

28437 

28652 

28652 

29065 

29064 

29265 

29260 

29456 

29451 

29636 

29635 

29816 

29813 

29986 

29984 

30148 

30148 

30309 

30305 

30453 

30456 

30597 

30599 

30732 

3073s 

30858 

30863 

30984 

30985 

3109s 

31098 

3II98 

31204 

31298 

3I30I 

31388 

3I39I 

3I48I 

31473 

31554 

31547 

3I6I5 

3I6I2 

Diff. 


o 
o 
—  2 
-4 
-6 
o 
-3 


cates  the  original  azimuthal  quantum  number  and  its  sign  indicates 
whether  that  quantum  number  has  been  increased  or  decreased 
during  the  absorption.  Kratzer  was  limited  in  the  application  of 
the  formula  to  hydrogen  chloride  to  about  half  the  number  of  lines 
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now  available.  The  highest  value  of  m  which  he  could  use  was  too 
low  to  determine  the  coefficient  of  the  cubic  term  with  any  accuracy. 
This  coefficient  appears  as  a  lower  order  term  in  the  other  coefficients 
and  he  has  thus  been  able  to  neglect  it.  He  did,  however,  deter- 
mine the  other  three  constants  from  the  fundamental  band  and  was 
able  to  evaluate  the  coefficient  of  the  cubic  term  by  relations  between 
the  fundamental  and  the  first  harmonic  at  1.7  At.     The  values  thus 

determined  are 

Wl/h=2S767.6 
ax  =  2.975 
h/4Tr^I=  21^.0 

^  =  0.728  io~^ 

The  present  measurements  seem  to  us  to  have  sufficient  pre- 
cision to  warrant  considerable  confidence  in  the  empirical  equation. 
If  one  calculates  these  four  constants  from  our  coefficients,  the 
result  is 

Wl/h=  28757. 7 
01  =  2.979 

h/^TT^I  =211.96 

^=0.6965   IO~* 

It  must  be  remembered  that  these  constants  are  computed  from 
an  entirely  new  set  of  experimental  data  which  differs  somewhat 
from  that  used  by  Kratzer.  All  the  constants  are  therefore  slightly 
altered.  It  is,  however,  very  gratifying  to  find  that  the  value  of  u 
determined  from  data  in  this  band  alone,  agrees  as  closely  as  it 
does  with  the  Kratzer  value,  which  involves  also  the  frequency  of 
the  harmonic. 

The  hypothesis  of  Kratzer,  regarding  the  faint  band,  had  as  its 
only  experimental  basis  at  the  time  it  was  put  forward,  three  faint 
absorption  maxima  shown  in  Imes's  idealized  curve,  one  between 

—  9  and  —10,  one  between  —10  and  —  n,  and  the  other  between 

—  II  and  —12.  The  present  work  was  begun  by  attempting  to 
estabHsh  or  disestablish  the  existence  of  these  faint  maxima.  While 
faint  maxima  were  obtained  in  approximately  the  same  positions 
in  one  trial,  they  have  not  been  consistently  found  and  consequently 
their  existence  has  not  been  established,  nor  has  it  been  definitely 
disestablished.     To  explain  more  clearly  a  few  words  may  be  in 
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order  regarding  the  nature,  and  especially  regarding  the  certainties 
and  uncertainties  of  trials  of  the  kind  involved  in  this  work.  The 
spectrometer  circle  is  set  upon  each  minute  of  arc,  and  for  the  most 
part  upon  each  half-minute  of  arc.  At  each  setting,  six  or  eight 
galvanometer  deflections  are  taken,  and  these  are  averaged.  When 
these  averages  are  plotted  against  the  circle  settings  the  points  may- 
or may  not  fall  upon  a  regular  curve.  If  the  points  fall  upon  a 
regular  curve,  that  is  upon  a  curve  of  slight  and  more  or  less  uni- 
form curvature,  it  may  be  concluded  that  there  is  no  absorption 
which  is  selective  over  the  region  investigated.  But  if  the  curve 
is  irregular,  and  especially  when  it  shows  maxima,  the  question 
arises  whether  the  irregularities  are  true,  or  due  to  accidental 
disturbances,  chiefly  of  the  galvanometer.  If  upon  a  second  trial 
an  irregularity  appears  in  the  same  way,  it  is  interesting;  but  only 
after  it  has  appeared  in  four  or  five  trials,  always  with  the  same 
outstanding  characteristics,  may  it  be  supposed  real,  and  then,  while 
the  irregularity  may  be  safely  supposed  real,  its  cause  is  still  uncer- 
tain. The  supposed  maxima  between  —  lo  and  —  ii,  and  —  ii  and 
—  12,  which  we  may  call  —X  and  —XI  respectively,  if  they  exist 
at  all  appear  only  under  some  special  conditions,  the  nature  of  which 
has  not  been  ascertained,  for  while  one  trial  showed  irregularities, 
other  trials  give  a  smooth  curve  in  the  same  place.  Imes's  experi- 
ments were  carried  out  with  a  1 5  cm  absorption  cell  and  the  gas  at 
room  temperature.  We  have  used  the  same  absorption  cell  and 
also  60  cm  cells  both  at  room  temperature  and  "hot,"  that  is,  heated 
to  a  faint  glow  which  is  visible  in  a  darkened  room  without  resting 
the  eyes. 

The  faint  lines  of  which  the  existence  is  established;  namely  those 
shown  in  Figure  ib,  are  obtained  with  the  gas  in  the  60  cm  cell  "hot." 
It  is  necessary  to  heat  the  gas  to  bring  out  the  absorption  in  the 
principal  Hnes  —13  to  —19,  and  when  this  absorption  appears  the 
faint  lines  are  also  found.  They  are  not  found  when  working  with 
a  60  cm  chamber  at  room  temperature.  Employing  the  same 
notation  as  before  the  faint  lines  may  be  called  —XII,  —XIII, 
-XIV,  —XV,  —XVI.  Table  II  gives  the  wave-numbers  of  these 
lines.  Figure  2  gives  a  curve  of  deflections  inverted,  that  is,  the 
deflections  increase  down  the  page.     The  principal  lines  —13  to 
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— 16  show  upon  this  curve  of  course,  as  well  as  the  faint  lines  —XII 
to  —XVI.  The  dotted  line  gives  the  energy-curve  of  deflections 
with  no  hydrogen  chloride  in  the  cell.  The  rise  and  fall  in  this 
curve  is  due  to  interference  bands  formed  by  the  mica  used  as  win- 
dows in  the  absorption  cell,  and  more  particularly  before  the  ther- 
mopile. This  same  rise  and  fall  appeared  at  regular  intervals 
through  the  entire  region  explored  whenever  there  was  mica  in  the 
path,  but  disappeared  when  all  mica  was  removed. 
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Fig.  2 

Of  the  group  —XII  to  —XVI  the  end  lines  are  the  faintest. 
The  central  one,  —XIV,  is  probably  the  strongest,  though  it  is 
difficult  to  make  a  definite  gradation  of  the  three  Lines  —XIII, 
—XIV,  and  —XV.  The  absorption  percentage  for  these  three  is 
about  7  per  cent  and  for  —XII  and  —XVI  about  3  per  cent,  or  in  a 
galvanometer  deflection  of  45  mm,  about  3  mm  and  1.5  mm  respec- 
tively. The  absorption  percentages  of  the  principal  lines  — 13  to 
—  1 7  vary  from  30  per  cent  to  1 2  per  cent.  It  should  further  be 
noted  that  the  position  of  the  faint  lines  with  reference  to  their 
neighbors  is  not  uniform,  but,  instead,  the  faint  lines  have  a  charac- 
teristic spacing. 
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These  faint  lines  do  not  fall  into  the  band  predicted  by  Kratzer, 
although  their  spacing  does  agree  with  the  spacing  which  the  hnes 
of  the  predicted  band  would  have  in  this  region.  This  band  was 
computed  on  the  supposition  that  the  absorption  involved  a  change 
of  the  radial  quantum  number,  n,  from  i  to  2.  Using  Kratzer's 
constants  the  formula  would  read  in  our  notation 

J' =27901  +  201 .30W  — 2. 895^^—0. 02  259m^. 

Table  II  gives  wave-numbers  computed  from  this  equation  which  lie 
in  this  region.  It  will  be  noticed  that  they  differ  from  the  observed 
lines  by  about  80  units.  The  first  term,  of  the  equation  involves 
the  frequency  of  the  harmonic,  but  a  variation  of  this  magnitude 
cannot  be  ascribed  to  errors  in  any  of  the  experimental  data  used. 
We  have,  nevertheless,  a  group  of  lines  which  only  appears  when 
the  gas  is  hot  and  which  we  must  associate  with  a  higher  energy 
content  than  is  possessed  by  the  majority  of  the  molecules  at  room 
temperature. 

TABLE  II 


ft 

v  (obs.) 

y  (calc.) 

Diff. 

-XII 

25797 
25547 
25288 

25021 
24760 

25871 
25621 

25367 
25108 

24845 

—  74. 

-XIII 

-XIV 

-XV 

-XVI 

-74 
-79 
-87 
-8S 

We  fortunately  have  at  hand  the  original  curves  for  this 
absorption  band  as  observed  by  Imes.  In  his  publication*  he  did 
not  extend  his  curves  to  line  —12  except  in  Figure  3,  which  he  desig- 
nates as  an  idealized  curve.  It  is  not  a  duplication  of  the  actual 
observations  and  does  not  reproduce  faithfully  the  irregularities 
between  the  lines  "since  they  are  not  significant."  Kratzer  was 
forced  to  search  for  the  faint  lines  of  the  series  under  these  unfortu- 
nate circumstances  and  to  assign  wave-lengths  to  these  faint  maxima. 
This  must  have  been  very  difficult  indeed.  If  one  turns  to  the  origi- 
nal curves  the  difficulty  is  even  greater.  The  variation  of  absorption 
percentage  never  rises  to  5  per  cent,  which  with  Imes's  small 
deflections  could  not  have  corresponded  to  a  difference  of  galvanom- 

'  Aslrophysical  Journal,  50,  251,  1919. 


TEE  INFRA-RED  ABSORPTION  BAND  OF  HCl 


15 


eter  reading  of  more  than  0.5  mm.  Such  variations  can  be  accepted 
as  indications  of  real  Hnes  only  under  exceptionally  favorable  observ- 
ing conditions  and  after  many  successful  trials.  Moreover  the 
points  are  badly  scattered  and  no  smooth  curve  can  be  drawn 
through  them.  The  present  writers  are  of  the  opinion  that 
Imes's  data  do  not  give  any  convincing  evidence  of  faint  lines  in 
this  region.  If  the  present  new  group  of  faint  Unes  be  extrapo- 
lated over  the  region  —12  to  —9,  it  is  found  to  lie  very  close  to, 
and  finally  to  coincide  with,  the  principal  lines.     Even   the  line 


Fig.  3 

near  —12  lies  so  near  as  to  require  a  resolution  which  our  spectrom- 
eter barely  furnishes. 

In  the  use  of  a  grating  spectrometer  there  is  under  certain  cir- 
cumstances great  danger  of  falling  into  error  in  the  interpretation 
of  the  spectra  obtained.  This  danger  exists  when  faint  lines  are 
obtained  in  the  same  spectrum  with  strong  ones,  as  in  this  investiga- 
tion. The  faint  lines  might  be  ghosts  of  the  Rowland  type  due  to 
periodic  error  in  the  grating,  they  might  be  Lyman  ghosts,  or  they 
might  be  due  to  secondary  reflections  within  the  spectrometer. 
Reflections  other  than  the  principal  ones  intended  in  the  design  of 
the  spectrometer  sometimes  occur,  and  may  give  rise  to  snurious 
lines  if  they  happen  to  be  in  focus. 
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If  the  lines  were  Rowland  ghosts  one  would  expect  to  find  them 
symmetrical  on  the  two  sides  of  each  principal  line,  and  this  is  not 
the  case.  The  apparent  wave-length  of  the  ghosts  of  various  orders 
can  be  calculated  from  the  knowledge  of  the  number  of  rulings  of 
the  grating  per  turn  of  the  screw  of  the  ruling  engine.  In  this 
grating  there  are  144  rulings  per  turn  so  that  a  real  line  of  wave- 
length 3.974  IX  would  give  rise  to  first  order  ghosts  4.0016  )U  and 
3.9464  ju,  second  order  ghosts  4.0292  ju  and  3.9188  ju,  etc.  In  the 
region  in  which  the  faint  hnes  have  been  found,  this  gives  for  the 
spacing  of  the  first  order  ghost  about  0.6  of  the  spacing  of  the  prin- 
cipal lines.  In  the  region  of  the  center  of  the  fundamental,  the 
ghosts  have  about  the  same  spacing  as  the  principal  lines,  and  so 
might  easily  coincide  with  them  except  at  the  very  center  of  the 
band,  where  there  is  a-  missing  line.  Here  the  first  order  ghost  from 
-f  I  and  —I  should  nearly  coincide  halfway  between  these  lines, 
or  the  second  ghost  of  -f  2  and  —2,  etc.  The  principal  lines  are 
much  stronger  in  this  region  than  in  the  region  — 12  to  — 17,  yet  a 
number  of  careful  trials  in  the  region  between  + 1  and  —  i  yielded 
nothing  except  one  slight  irregularity  near  the  base  of  —  i . 

It  seemed  at  first  upon  finding  the  faint  lines  that  they  might 
well  be  Lyman  ghosts,  let  us  say  of  the  principal  lines  —8  to  —13, 
which  are  the  only  lines  of  the  band  which  have  a  suitable  spacing. 
But  if  they  were,  one  would  expect  the  intensities  of  the  faint  lines 
to  decrease  continuously  in  passing  from  —XII  to  —XVI,  since  the 
intensities  of  the  principal  lines  diminish  in  going  from  —8  to  —13. 
However,  a  more  critical  test  of  this  question  of  Lyman  ghosts 
seemed  desirable.  The  entrance  slit  of  the  fore-prism  spectrometer 
is  as  a  rule  open  rather  wide  (e.g.,  2  mm),  in  order  to  obtain  more 
energy  and  a  more  nearly  flat  energy-curve.  Then  a  comparatively 
wide  spectral  region  falls  into  the  grating  spectrometer,  wide  enough 
to  include  more  than  the  entire  fundamental  band,  but  still  amply 
narrow  to  prevent  overlapping  orders  of  diffraction.  To  make 
the  critical  test,  the  entrance  slit  of  the  fore-prism  spectrometer  was 
narrowed  to  0.35  mm,  thus  allowing  energy  to  enter  only  as  shown 
in  the  curve  of  Figure  3.  The  energy  in  the  region  of  the  strong 
lines  of  which  Lyman  ghosts  were  at  first  feared  thus  never  entered 
the  grating  spectrometer.     The  faint  lines  were  stiU  present.     In 
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order  to  restrict  still  farther  the  number  of  strong  principal  lines 
which  entered  the  grating  spectrometer,  two  trials  were  made  with 
the  fore-prism  so  set  that  the  maximum  of  the  energy-curv-e  was  on 
the  side  of  long  wave-lengths  from  the  region  examined,  namely 
the  region  of  —XV,  so  that  the  energy  of  the  wave-length  of  line 
— 14  had  been  cut  down  by  50  per  cent  and  that  of  the  line  — 13  by 
90  per  cent.    The  faint  line  stUl  appeared  in  the  same  manner. 

The  same  tests  and  arguments,  which  seem  to  preclude  the  possi- 
bility that  the  faint  lines  are  Lyman  ghosts,  preclude  also  the 
possibility  that  they  are.  secondary  reflections. 

It  thus  seems  as  though  the  conclusion  were  justified  that  the 
faint  Lines  are  a  true  part  of  the  observed  spectrum.  Question 
stUl  arises  as  to  whether  they  are  due  to  hydrogen  chloride  or  due  to 
an  impurity.  On  account  of  their  general  similarity,  that  is,  magni- 
tude of  spacing  and  regularity  of  both  spacing  and' intensity,  they 
may  well  be  attributed  to  hydrogen  chloride.  There  is  no  other 
known  spectrum  of  which  these  Knes  might  form  a  part.  In  the 
fundamental  of  hydrogen  bromide  Knes  —5  to  +2  fall  into  the  same 
region,  but  the  lines  do  not  agree  with  the  faint  lines  here  given, 
either  in  position  or  spacing.  The  fundamental  of  hydrogen  iodide 
has  not  been  found.  It  was  carefully  searched  for  by  Mr.  J.  P. 
Cooley,  of  this  laboratory,  on  both  sides  of  the  4.2  /*  band  of  carbon 
dioxide,  but  not  found.  This  means  either  that  it  is  entirely 
covered  by  the  carbon  dioxide  band,  or  else  that  hydrogen  iodide  is 
so  highly  dissociated  even  at  room  temperature  that  it  does  not 
yield  its  molecular  spectrum. 

As  has  been  stated  above,  there  may  be  other  faint  lines  falling 
within  the  already  explored  region  of  the  hydrogen  chloride  funda- 
mental. The  continuation  of  the  new  group  may  easily  be  covered 
by  —12  to  —9.  Proceeding  from  these  in  the  direction  of  higher 
wave-numbers,  the  principal  lines  crowd  more  closely  together  and 
they  overlap  at  the  base,  so  that  the  chance  of  finding  faint  lines 
is  greatly  diminished.  Proceeding  from  —17  toward  lower  wave- 
numbers,  the  absorption  of  carbon  dioxide  soon  sets  in,  and  at  — 19  is 
so  strong  that  there  is  scarcely  hope  of  obtaining  observations 
beyond  this,  unless  carbon  dioxide  were  entirely  excluded  from  the 
path  of  the  beam. 
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The  irregularity  between  —  i  and  +i,  near  the  base  of  —  i,  is 
interesting  in  connection  with  the  speculation  upon  the  possibility 
of  existence  of  other  faint  lines.  It  was  consistently  found  with  a 
15  cm  cell  with  the  gas  at  room  temperature.  It  is  probably  not  a 
ghost.  On  two  trials  with  the  60  cm  cell  hot  it  failed  to  show  up, 
but  it  may  have  been  blotted  out  by  continuous  background  (over- 
lapping) and  the  galvanometer  was  not  at  its  best.  Extrapolation 
of  the  new  group  as  far  as  this  is  very  uncertain.  Moreover,  the 
line  is  very  weak  and  is  very  near  the  strong  line  —  i .  If  we  assign 
a  provisional  center  to  the  new  faint  group  at  about  27810,  it  is 
possible  to  call  this  line  +4.  Higher  temperatures  might  strengthen 
it  and  weaken  the  principal  line  —  i .  Then  it  could  be  measured 
precisely  and  perhaps  new  faint  lines  would  be  revealed  in  this 
open  region. 

Some  attempts  have  been  made  by  Mr.  H.  L.  Smith  of  the 
Ypsilanti  Normal  School,  in  collaboration  with  one  of  the  writers, 
to  photograph  possible  higher  harmonics  of  the  hydrogen  chloride 
spectrum.  This  was  tried  both  by  absorption  and  emission.  The 
region  investigated  was  from  6500  A  to  9500  A.  The  absorption 
in  the  higher  harmonics  would  probably  be  faint,  but  it  was  thought 
that  due  to  greater  definition  obtainable  on  the  photographic 
film  something  might  show.  An  absorption  chamber  about  12  cm 
in  length  was  used  and  light  from  a  Nernst  glower  passed  through 
it.  Filters  were  used  to  cut  out  overlapping  orders.  To  minimize 
the  effect  of  false  illumination,  as  much  of  the  spectrum  on  the 
side  of  short  wave-lengths  as  possible  was  also  cut  out  by  filters, 
but  no  fore-prism  spectrometer  was  used.  In  the  experiments  on 
emission,  a  spark  was  passed  between  monel  metal  electrodes  in 
a  flowing  atmosphere  of  hydrogen  chloride.  Nothing  was  found 
attributable  to  the  molecular  spectrum. 

The  present  contribution  includes  all  lines  of  the  3 .4  m  band  which 
are  present  with  measurable  intensity  at  this  temperature,  about 
500°.  Even  with  this  grating  we  were  not  able  to  extend  the  band 
beyond  +  20  on  the  side  of  shorter  wave-lengths,  nor  to  find  the  head 
which  probably  lies  not  far  beyond.  The  present  chamber  does  not 
permit  higher  temperatures,  but  it  is  hoped  soon  to  have  a  chamber 
of  new  design  w^hich  will  permit  not  only  higher  temperatures  but 
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also  a  control  of  both  temperature  and  pressure.  This  is  of  course 
essential  to  precise  intensity  measurements  with  which  one  may 
contribute  experimental  data  to  the  question  of  the  distribution 
of  rotational  velocities. 

The  authors  wish  to  acknowledge  their  indebtedness  to  the 
American  Association  for  the  Advancement  of  Science  for  funds 
which  assisted  this  investigation  very  materially. 
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THE  THERMAL  IONIZATION  OF  GASEOUS   ELEMENTS 
AT  HIGH  TEMPERATURES:  A  CONFIRMA- 
TION OF  THE  SAHA  THEORY 
By  ARTHUR  A.  NOYES  and  H.  A.  WILSON 

ABSTRACT 

Saka's  theory  of  thermal  ionization. — The  thermodynamic  equation  used  by  Saha 
for  calculating  the  thermal  ionization  of  the  neutral  atoms  M  of  gaseous  elements  into 
positive  ions  Af^  and  electrons  £~  is  first  reviewed,  especially  with  reference  to  the 
assumptions  involved  in  the  calculation.  These  assumptions  are  (i)  that  the  ioniza- 
tion results  from  a  chemical  reaction  M  =  M'^-\-E~  whose  equilibrium  or  ionization 
constant  K  is  given  by  the  mass-action  expression  K=p^p^-/p.^j;  (2)  that  the  increase 
in  energy-content  attending  the  ionization  of  each  atom  is  equal  to  its  ionization- 
potential  V  times  the  electronic  charge  e,  and  (3)  that  the  heat-capacity  and  entropy 
of  electron  gas  correspond  to  those  of  ordinar>'  perfect  monatomic  gases.  Introducing 
the  best  values  of  the  constants  involved  there  results  the  thermodynamic  equation 
log,oX=-5048F/r+2.5  logio  r-6.56. 

Calculation  of  ionization  from  the  conductivities  of  salted  flames. — The  recent 
measurements  of  H.  A.  Wilson,  as  well  as  the  earlier  ones  of  Arrhenius,  Smithells, 
Dawson,  and  WUson,  on  the  conductivitj^  of  flames  into  which  salt  solutions  are 
sprayed,  clearly  indicate  that  the  conductisaty  arises  from  an  ionization  process  of  the 
stated  type;  and  WUson's  e.xperiments  make  possible  a  computation  of  the  relative 
magnitudes  of  the  ionization-constants  of  the  five  elements.  Li,  Na,  K,  Rb,  Cs.  Abso- 
lute values  of  the  ionization-constants  are  also  derived  from  the  flame  conductances 
with  the  aid  of  prexdous  rough  determinations  of  the  mobility  of  the  electrons  and  of 
the  number  of  them  per  cubic  centimeter. 

Confirmation  of  the  Saha  Theory. — The  relative  values  of  the  ionization-constants 
of  the  five  alkali  elements  computed  from  the  flame  conductances  and  those  calculated 
from  the  ionization-potentials  by  the  thermod>Tiamic  equation  form  two  series  of 
values  which  run  closely  parallel  to  each  other;  thus,  though  the  constants  var>^  5700 
fold,  the  greatest  de\dation  between  the  two  series  is  only  about  40  per  cent.  Finally, 
although  only  the  order  of  magnitude  of  the  absolute  values  of  the  constants  could 
be  estimated,  yet  they  are  found  to  correspond  well  with  the  values  calculated  by  the 
thermodynamic  equation,  these  last  being  only  from  i.i  to  2.3  fold  larger. 

I.      INTRODUCTION 

In  a  recent  article  Eggert^  showed  that  the  ordinary  thermo- 
dynamic expression  for  the  effect  of  temperature  on  the  equihbrium 
of  chemical  reactions,  when  supplemented  by  assumptions  as  to  the 
values  of  the  special  constants  occurring  in  it,  can  be  apphed  to  the 
calculation  of  the  extent  to  which  under  different  conditions  neutral 
atoms  of  the  gaseous  elements  are  converted  into  positive  ions  and  free 
electrons.     Saha^  has  shown  that  one  of  the  most  uncertain  factors  in 

^  Physikalische  Zeitschrift,  20,  570,  1919. 

'Philosophical  Magazine,  40,  478,  8og,  1920;    41,  267,  1921. 
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Eggert's  formulation  can  be  eliminated  by  introducing  the  ionization- 
potential  of  the  element.  He  has  then  calculated  by  this  method 
the  dissociation  of  the  first  electron  from  the  atoms  of  many  impor- 
tant elements,  thus,  the  extent  to  which  such  reactions  as  Na  = 
Na+-|-E~  take  place,  where  E~  represents  electron  gas.  He  has 
tabulated  the  values  of  this  percentage  ionization  at  various  temper- 
atures and  pressures,  and  has  pointed  out  the  great  significance  which 
these  considerations  may  have  for  the  interpretation  of  the  spectra 
of  elements  under  solar  and  stellar  conditions. 

These  principles  are  of  great  interest  to  astronomers,  as  may  be 
illustrated  by  the  following  applications.  It  has  long  been  known 
that  the  solar  prominences  show  strongly  the  hydrogen  and  helium 
lines  and  the  enhanced  (H  and  K)  lines  of  calcium,  but  not  the  blue 
line  of  calcium  nor  the  familiar  lines  of  sodium  or  of  other  alkali 
elements.  The  remarkable  absence  of  these  lines  had  not  been 
explained;  but  the  thermodynamic  relations  now  show  that  the 
extremely  small  pressure  combined  with  the  high  temperature 
of  the  prominences  must  greatly  promote  the  ionization  of  all  ele- 
ments, and  may  well  suffice  to  convert  the  neutral  calcium  atoms 
into  the  calcium  iops  which  produce  the  H  and  K  lines;  and  also 
to  convert  the  neutral  sodium  atoms,  to  which  the  D  lines  are  due, 
completely  into  sodium  ions,  which  do  not  yield  strong  lines  in 
the  visible  spectrum.  A  second  interesting  application  of  Saha's 
equations  has  been  made  by  H.  N.  Russell,^  who  was  led  to  the  dis- 
covery of  rubidium  in  sun-spots  by  the  considerations  that  the 
absence  of  its  lines  in  the  general  solar  spectrum  is  probably  due  to 
the  complete  conversion  by  the  high  temperature  there  prevailing 
of  the  neutral  rubidium  atoms  (which  produce  the  characteristic 
lines  of  the  element)  into  rubidium  ions  (Rb+),  and  that  at  the  lower 
temperature  prevaiHng  in  sun-spots  this  conversion  might  well  be 
only  a  partial  one. 

2.      THE   THERMODYNAMIC  EXPRESSIONS 

The  equUibrium-constant  iT  of  a  reaction  M  =  M'^-\-E~  at  any 
definite  temperature  in  terms  of  the  partial  pressures  p^,  pMy  Pe  j 

^  Astrophysical  Journal,  55,  129,  1922. 
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of  the  three  substances,  regarded  as  perfect  gases,  is  expressed  by  the 
following  equations. 

^^=ir.  (i) 

Pm 

^  =  K.  (2) 

1—X 

The  second  equation,  in  which  x  represents  the  fraction  ionized  and 
p  the  sum  of  the  pressures  pM  and  p^,  is  valid  only  when  Pm'=Pe\ 
that  is,  only  when  electrons  do  not  originate  from  any  other  source, 
as  from  the  presence  of  another  ionizing  element  or  from  thermionic 
causes. 

The  second  law  of  thermodynamics  leads  to  the  following  equa- 
tions for  the  change  of  this  equilibrium-constant  with  the  tempera- 
ture, in  the  case  where  the  heat-content  increase,  A^,  attending 
the  reaction,  can  be  expressed  as  a  linear  function  of  the  absolute 
temperature,  thus,  by  the  formula  AH  =  AHo+TACp,  where  ACp 
is  the  increase  in  the  heat-capacity  Cp  at  constant  pressure  that 
results  from  the  occurrence  of  the  reaction,  namely: 

dlnK=^'^^^^dT.  (3) 

l„K=-^+^lnT+L.  (4) 

In  this  equation  I  is  the  integration  constant  resulting  from  the 
integration  of  equation  (3). 

Now  Saha  introduces  the  following  assumptions  as  to  the  quanti- 
ties occurring  in  this  equation : 

(i)  That  the  energy  increase  attending  the  ionization  of  a 
single  molecule  is  equal  to  the  electrical  work  Ve  that  must  be 
expended  in  order  to  give  to  an  electron  a  kinetic  energy  which  just 
suffices  to  ionize  an  atom  of  the  element  with  which  it  collides; 
e  being  the  charge  on  the  electron  and  V  the  ionization-potential, 
which  last  may  be  determined  by  direct  measurement  or  computed 
from  the  spectral  series  of  the  element. 

(2)  That  the  heat-capacities  of  the  neutral  atom  M  and  its  ion 
if  +  are  equal,  and  that  the  heat-capacity  of  electron  gas  is  the 
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same  as  that  of  any  other  monatomic  gas,  namely,  2.5  i?  per  mol 
of  the  gas. 

(3)  That  the  constant  /,  which  is  the  sum,  Iff-\-I^—lM  ,  of 
constants^  characteristic  of  the  three  separate  substances,  can  be 
evaluated  by  assuming  1^  =  1  m,  and  calculating  7^,  the  constant 
for  electron  gas,  from  a  relation  apparently  applicable  to  ordinary 
monatomic  gases  in  the  way  indicated  in  the  following  paragraphs. 

Namely,  it  follows  from  the  general  principles  relating  to  entropy, 
and  from  the  fact  that  the  molal  heat-capacity  at  constant  pressure 
of  perfect  monatomic  gases  at  all  temperatures  is  fi?,  that  the 
entropy  S  of  one  mol  of  any  such  gas  at  any  temperature  and 
pressure  is  given  by  the  following  equation,  in  which  ^i  is  a  constant 
characteristic  of  the  gas: 

S=S,-]-^RlnT-Rlnp. 

Now  the  considerations  of  Sackur,^  Tetrode,^  Stern,''  Tolman,^ 
and  Lewis^  have  led  to  the  conclusions  that  the  quantity  Sj,  is  a 
function  only  of  the  molecular  weight  M  of  the  gas,  and  that  the 
constants  occurring  in  the  functional  relation  can  be  evaluated  with 
fairly  concordant  results  by  certain  methods  that  need  not  be  here 
described.  Adopting  the  value  obtained  by  Lewis  from  the  theory 
of  ultimate  rational  units,''  and  shown  by  him  to  be  concordant 
within  ^  to  2  per  cent  with  the  experimentally  determined  entropies 
of  the  four  best  studied  monatomic  gases  (helium,  argon,  cadmium, 
and  mercury)*  we  get,  in  calories  per  degree  and  for  the  pressure  in 
atmospheres 

S,  =  -2.62>+RlnM .  (5) 

'These  constants  are  2.303  R  times  greater  than  the  "chemical,  constants" 
employed  by  Nernst  (Theorelische  Chemie,  7th  ed.,  p.  742). 

^  Annalen  der  Physik,  36,  598,  1911;   40,  67,  1913. 

iJhid.,  38,  434;  39,  255,  1912. 

•f  Zeilschrift  fiir  Electrochemie,  25,  66-80,  1919. 

5  Journal  of  the  American  Chemical  Society,  42,  1185,  1920;   43,  1593,  1921. 

^  Physical  Review,  18,  121,  192 1. 

7  Lewis  and  Adams,  Physical  Review,  3,  92,  1914. 

*  Lewis,  Gibson,  and  Latimer,  Journal  of  the  American  Chemical  Society,  44,  1009, 
1922. 
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Substituting  for  M  the  value  5.4X10"'^,  we  find  for  electron  gas 
5*1  =—25.02.  Finally,  it  can  be  shown  thermodynamically  that 
the  integration-constant  /  above  considered  is  less  than  the  entropy 
constant  S^  for  a  monatomic  gas  by  its  molal  heat-capacity  C;  that 
is,  /=5i  —  C  =  51—4.96.  There  is  thus  obtained  for  I/R  the  value 
-15.10. 

These  considerations  lead  then  to  the  following  values  of  the 
constants  occurring  in  equation  (4)  : 

AFo    NeV    96500  F        ,      ,,  AC  I 

Substituting  these  values  in  equation  (4)  and  changing  from  natural 
to  ordinary  logarithms,  we  get  finally: 

logii:=-^^^-f2.5logr-6.56.  (6) 


3.      THE   ELECTRICAL   CONDUCTIVITY   OF   FLAMES   AND   ITS 
INTERPRETATION 

It  will  now  be  shown  that  the  investigations  of  Arrhenius, 
Smithells,  Dawson,  and  H.  A.  Wilson  on  the  conductivity  of  flames 
containing  salts  have  led  to  results  which  clearly  indicate  that  the 
conductivity  arises  from  ionization  reactions  of  the  type  considered 
in  the  previous  section  of  this  article. 

The  final  experiments  of  Wilson^  were  made  by  spraying  solu- 
tions of  various  salts  of  known  concentrations  into  a  mixture  of  air 
and  gasoline,  which  then  passed  through  a  burner  consisting  of  a 
series  of  parallel  quartz  tubes,  whereby  a  large  flame  was  produced. 
Near  the -sides  of  this  flame  were  introduced  two  vertical  strips  of 
platinum,  by  means  of  which  a  steady  current  was  passed  through 
the  flame.  Between  these  electrodes  were  inserted  in  the  heart  of 
the  flame  two  horizontal  platinum  wires;  and  the  potential- 
difference  between  these  two  wires  (as  measured  with  a  quadrant 
electrometer)  for  a  given  current  was  taken  to  be  proportional  to 
the  resistance  of  the  flame  between  them.  By  employing  the 
potential-difference  at  these  wire  electrodes,  instead  of  that  between 

'  Philosophical  Transactions  of  the  Royal  Society,  A,  216,  63-90,  1915. 
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the  plate  electrodes  where  the  current  entered  the  flame,  the  effect 
of  the  large  potential-gradient  around  these  latter  electrodes  was 
eliminated.  Two  such  flames  were  always  operated  in  series  with 
the  same  current  passing  through  them;  and  their  conductances 
were  compared  by  measuring  the  potential-differences  between  the 
wires  in  the  two  flames.  By  varying  the  concentration  of  the 
solution  sprayed  into  one  of  the  flames  and  keeping  the  other  con- 
centration unchanged,  the  variation  of  the  conductance  with  the 
concentration  and  with  the  nature  of  the  salt  was  obtained.  The 
temperature  in  the  heart  of  the  flame,  as  measured  with  a  thermo- 
couple; registered  about  1650°  C,  Since  the  couple  is  considerably 
cooler  than  the  flame  itself,  we  will  assume  the  temperature  to 
be  2000°  K. 

The  general  conclusions  originally  drawn  from  his  measurements 
by  Wilson,  so  far  as  they  have  a  bearing  on  the  present  considera- 
tions, are  summarized  in  the  following  paragraphs. 

I.  The  conductance  is  independent  of  the  acidic  constituent  of 
the  salt,  as  was  first  shown  by  Arrhenius'  in  1891.  Thus  the  con- 
ductance was  found  by  Wilson^  to  be  identical  when  equivalent 
quantities  of  sodium  chloride  and  carbonate,  or  of  potassium  chloride 
and  carbonate,  were  sprayed  into  the  flame.  These  facts  show  that 
the  basic  and  acidic  constituents  of  the  salts  must  be  completely 
separated  in  the  flame;  thus  that  both  NaCl  and  Na2C03  are  com- 
pletely dissociated,  with  the  help  of  the  water  present,  into  Na^O 
and  HCl  or  Na^O  and  CO2,  or  into  Na,  HCl,  and  O2,  or  Na,  CO2,  and 
O2.  The  latter  conclusion  is  the  one  to  which  the  considerations 
presented  below  lead.  Chemical  equilibrium  data  are  not  available 
for  determining  whether  the  oxides  of  the  alkali  elements  are  dis- 
sociated into  their  elements  at  the  temperature  and  partial  pressure 
prevaihng  in  the  flame;  but  this  conclusion  is  made  a  priori  probable 
by  the  facts  that  the  partial  pressure  of  the  salt  is  extremely  small 
(of  the  order  of  io~^  atmospheres),  and  that  in  the  heart  of  the 
flame,  where  the  combustion  is  still  incomplete,  reducing  gases  such 
as  carbon  monoxide  and  hydrogen  are  probably  present  and  the 
partial  pressure  of  free  oxygen  is  relatively  small. 

'  Annalen  der  Physik,  43,  18,  1891. 
'Op.  cit.,  pp.  76,  81. 
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2.  The  conductance  oi  a  flame  containing  a  salt  of  any  alkali 
element  was  shown  by  Arrhenius  to  be  roughly  proportional  to  the 
square  root  of  the  concentration  of  the  salt  solution  sprayed  into  it. 
As  seen  from  equation  (2)  above,  this  is  to  be  expected  if  the  ions 
are  produced  by  a  unibimolecular  reaction  (one  by  which  two  mole- 
cules are  produced  from  a  single  one) ,  and  if  the  fraction  of  the  salt 
ionized  is  small. 

Wilson'  found  that  the  relation  between  the  conductance  L  and 
the  concentration  c  can  be  expressed  over  the  whole  range  of  con- 
centration by  the  equation : 

ioU  =  ^^{b-\-aL).  (7) 

In  this  equation  h  and  a  are  constants,  the  values  of  which  were 
determined  for  a  number  of  alkali  salts.  When  the  conductance 
is  large,  this  equation  becomes  approximately  10"  c  =  a  D,  so  that 
the  conductance  then  varies  as  the  square  root  of  the  concentration, 
as  found  by  Arrhenius. 

Equation  (7)  was  obtained  in  the  following  way,  under  the 
assumptions  that  both  the  salt  and  some  constituent  of  the  flame 
are  ionized  with  formation  of  electrons  and  positive  ions,  and  that 
equilibrium  prevails  between  these  and  the  unionized  parts  of  the 
two  ionizing  substances. 

Let  pE  denote  the  partial  pressure  due  to  the  electrons  in  the 
flame,  pff  that  due  to  the  positive  ions  of  the  salt,  pM  that  due  to 
the  neutral  atoms  of  the  salt,  p^  that  due  to  the  positive  ions 
of  the  ionizing  flame-substance  F,  and  pp  that  due  to  the  unionized 
atoms  of  this  substance;  also  let  K  be  the  ionization-constant  of 
the  element  of  the  salt  sprayed  into  the  flame,  and  Kp  be  that  of 
the  ionizing  flame-substance.  The  expressions  for  the  mass-action 
are  then  as  follows: 

kJ-^  (8) 

Pm 

Pt  Pf 
Kf=-^  (9) 

Pf 

'  op.  cit.,  pp.  78-80 
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Since  the  conductance  L  is  proportional  to  the  number  of  elec- 
trons present,  the  conductance  of  the  positive  ions  being  negligible 
because  their  mobilities  are  small  compared  with  that  of  the  elec- 
trons, we  have 

AL=Pe=P+-^P+ .  (10) 

where  ^  is  a  constant  for  all  substances,  equal  to  the  ratio  of  the 
partial  pressure  of  the  electrons  to  the  conductance  of  the  flame. 

Furthermore,  the  concentration  c  of  the  solutions  of  the  various 
salts  sprayed  into  the  flame  (when  expressed  in  equivalents  per 
liter)  is  proportional  to  the  sum  of  the  partial  pressures  of  the  neutral 
atoms  and  positive  ions,  since  the  conditions  of  spraying  were  always 
the  same.  Hence,  denoting  by  5  a  constant  that  has  the  same 
value  for  all  the  substances,  we  have 

Combining  equations  (8),  (9),  (10),  and  (11),  we  get 

KBc     ,  Kppp 


AL  = 


AL+K '    AL 


Placing,  as  Wilson  did  in  recording  his  results,  the  conductance  of  the 
salt-free  flame  equal  to  unity,  that  is,  placing  Z  =  i  when  c  =  o,  we 
get  Kppp  =  A^,  and  therefore,  assuming  p^  small  compared  with 
pp  so  that  pp  is  a  constant 

D-i\lA  ,  A^L\  ,    . 

b-^kb)  ■  ^''^ 

Comparing  this  equation  with  equation  (7)  used  by  Wilson,  we  see 
that  they  become  identical  if  we  place 


A      b 

A^       a 

and 

B     10" ' 

KB     io4  • 

From  these  equations  there  follows  for  the  ionization- constant  K 
the  relation 

K=A-='^.  (13) 

a     La 
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As  an  example  of  the  satisfactory  way  in  which  equations  (7) 
and  (12)  represent  the  variation  of  the  conductance  with  the  con- 
centration, the  observed  conductances  of  cesium  chloride^  are  shown 
in  Table  I,  beside  those  obtained  by  plotting  the  curve  correspond- 
ing to  equation  (7)  when  the  constants  h  and  a  are  taken  equal  to 
10  and  I,  respectively,  and  c  is  in  grams  per  liter. 

Further  evidence  that  the  reaction  which  gives  rise  to  the  flame 
conductivity  is  essentially  a  unibimolecular  one  is  afforded  by  the 
fact  that  the  conductance  of  flames  fed  with  mixtures  of  two 
different  alkali  metals  is  found  to  be  that  predicted  by  the  mass- 
action  law.  This  law  requires  that  the  ionization  of  each  element, 
and  especially  that  of  the  less  ionized  one,  be  reduced  by  the  elec- 

TABLE  I 

Validity  of  the  Mass-Action  Relation 


Grams  per  Liter 


0.00. . 
0.0032 
0.008. 
0.016. 
0.032. 


Conductance 
Observed 


1. 00 
2.88 
5-72 
8.9 
13-5 


Conductance 
Calculated 


13 


Grams  per  Liter 

0.08 

o.  16 

0.8 

8.0 

80.0 


Conductance 
Observed 


22.  7 
32.8 
85.2 
282. 


Conductance 
Calculated 


23 

35 

84 

278 

890 


trons  arising  from  the  other;  and  this  was  shown  to  be  the  case 
by  Arrhenius,  H.  A.  Wilson,^  and  A.  B.  Bryan.^  Thus,without 
entering  into  the  details  of  the  calculation,  it  may  be  mentioned 
that  a  solution  0.171  normal  in  Na2C03  and  0.00238  normal  in  K2CO3 
(which  salts  when  used  separately  gave  conductances  of  21.3  and 
23.3,  respectively,  the  sum  being  44.6),  produced  a  conductance  of 
32.2,  while  the  conductance  calculated  was  31.55. 

3.  The  conductivity  of  the  flame  arises  from  the  presence  of 
p>ositive  ions  and  electrons;  but  the  mobility  of  the  positive  ions 
is  so  much  smaller  that  their  conductance  can  be  neglected  in  com- 
parison with  that  of  the  electrons.  Thus  Wilson''  found  the  mobility 
of  the  positive  ions  produced  from  the  various  alkali  salts  to  be 
about  I  cm  per  second  per  volt  per  cm,  while  he  had  previously 


'  Op.  cil.,  p.  78. 
'  Op.  cit.,  p.  87. 


3  Physical  Review,  18,  285,  li 
^Op.  cit.,  p.  71. 
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found,'  b}-  measuring  the  Hall  effect,  the  mobility  of  the  negative 
ions  to  be  2450  cm  per  second.  These  last  measurements  were 
made  with  flames  containing  different  alkali  salts,  and  the  mobility- 
was  found  to  be  very  nearly  the  same  for  all  salts,  as  it  should  be  if 
the  negative  ions  are  always  electrons.  The  fact  that  the  negative 
ions  have  a  much  greater  velocity  than  the  positive  ions  can  be 
explained  only  by  supposing  the  negative  ions  to  be  electrons,  and 
the  positive  ions  to  be  atoms  or  molecules. 

These  various  facts  make  it  fairly  certain  that  the  conductance 
arises  from  a  unibimolecular  reaction  by  which  a  positive  ion  and 
an  electron  are  produced  directly  from  a  substance  whose  partial 
pressure  is  proportional  to  the  concentration  of  the  unionized  part 
of  the  salt  sprayed  into  the  flame.  As  there  seems  to  be  no  sub- 
stance other  than  the  neutral  element  which  could  ionize  in  accord- 
ance with  these  conditions,  we  may  conclude  that  the  flame  con- 
ductance arises  from  complete  conversion  of  the  chloride  or  carbon- 
ate into  HCl  or  CO2,  oxygen,  and  the  alkali  element,  and  partial 
ionization  of  the  latter  in  accordance  with  equations  such  as 
Na  =  Na''"+E~,  where  E~  represents  the  electron. 

4.      CORRESPONDENCE   BETWEEN   THE   IONIZATION   VALUES 

DERIVED   FROM  THE   FLAME   CONDUCTIVITIES  AND 

FROM   THE   THERMODYN.AMIC  EQUATION 

The  thermodynamic  equation  (equation  6)  applied  to  two 
different  elements,  whose  equilibrium-constants  are  Ki  and  K^ 
and  ionization-potentials  Fj  and  V2 ,  leads  to  the  following  expres- 
sion: 

,       K,       5048  (Fx-F.)  ,    . 

logio  Y  =    f •  (14) 

Now  the  values  of  the  ratio  b/a  of  the  constants  of  Wilson's  equa- 
tion are  shown  by  equation  (13)  to  be  proportional  to  the  ionization- 
constants  K  of  the  respective  elements.  Hence,  if  we  assume  the 
value  of  the  ionization-potential  for  one  alkali  element,  we  can  cal- 
culate it  for  the  others  by  equation  (14)  from  Wilson's  values^  of 
b/a.  These  are  given  in  the  second  column  of  Table  II.  Taking 
the  ionization-potential  of  sodium  to  be  5.1 11  volts  and  the  tempera- 

'  Physical  Review,  3,  375,  1914.        ^  Op.  cit.,  p.  82. 
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ture  of  the  flame  to  be  2000°  K.  the  other  ionization-potentials  are 
calculated  to  have  the  values  given  in  the  third  column  of  the 
table.  Beside  them,  in  the  fourth  column  under  the  heading 
"Observed,"  are  placed  the  values  tabulated  by  Hughes,'  as  calcu- 
lated from  the  frequencies  of  the  spectral  lines  according  to  the 
quantum  theory,  which  values  agree  closely  for  the  most  part 
with  those  derived  from  the  direct  measurements  by  Mohler,  Foote, 
and  their  collaborators. 

TABLE  II 

Observed  Ionization-Potentials  Compared  with  Those  Calculated 
FROM  Flame  Conductances  by  the  Thermodynamic  Equation 


Cesium.  .  . 
Rubidium. 
Potassium. 
Sodium .  .  . 
Lithium*. 


lONIZATION-PoTENTIAL    V 

Calculated 

Observed 

10.00 

4.00 

3-873 

2.25 

4.26 

4-154 

1.38 

4-35 

4-317 

0.0160 

5. Ill 

0.0023 

546 

5  362 

*  The  value  of  b/a  for  lithium  was  obtained  by  using  the  results  on  the  conductivity  of  flames  con- 
taining lithium  salts  given  by  Smithells,  Dawson,  and  Wilson  (Phil.  Trans.  Royal  Soc,  A,  193,  108,  1899), 
which  show  that  lithium  salts  give  nearly  the  same  conductance  as  sodium  salts  when  the  concentration 
of  the  lithium  is  about  seven  times  that  of  the  sodium.  Hence  the  value  of  b/a  for  lithium  is  one-seventh 
as  great  as  that  for  sodium,  since  the  constant  a  is  proportional  to  the  (large)  concentrations  which  give 
equal  conductances. 

It  will  be  seen  that  the  calculated  and  observed  ionization- 
potentials  not  only  change  in  the  same  order,  but  that  the  values 
are  of  the  same  general  magnitude.  Especially  noteworthy  is  the 
very  large  change  in  both  series  in  passing  from  sodium  to  potassium, 
and  the  much  smaller  differences  between  the  other  elements. 

Instead  of  calculating  the  values  of  the  ionization-potential  by 
assuming  its  value  for  sodium,  we  may  calculate  relative  values  of 
all  the  ionization-constants  by  equation  (14)  by  using  the  known 
values  of  the  ionization-potential.  The  values  of  K  so  obtained 
should  be  proportional  to  the  values  of  the  constant  b/a  obtained 
from  the  flame  conductivities,  or  the  product  Ka/b  should  be  con- 
stant for  the  various  elements.  Placing  the  value  of  K  for  lithium 
equal  to  unity  we  get  the  results  shown  in  Table  III.  The  values  of 
the  product  Ka/b  are  seen  to  vary  to  the  extent  of  about  ±40  per 
cent  from  the  mean  value. 

'  Bulletin  of  the  National  Research  Council,  2,  168,  192 1. 
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These  results  confirm  the  validity  of  the  term  containing  the 
ionization-potential  in  the  Saha  equation;  but  they  do  not  confirm 
the  heat-capacity  and  integration-constant  terms,  since  these  are 

TABLE  III 
CoMP.'uasoN  OF  Ionization- Constants  Derived  from  the  Ionization- 

POTENTIALS   BY   THE   THERMODYNAMIC   EQUATION   WriTH   ThOSE 

Derr-ed  from  THE  Flame  Conduct.ances 


V 

b/a  from  L 

K  from  V 

Ka/b 

Cesium 

3-873 
.   4-154 
4-317 
5. Ill 
5-362 

10.00 
2.25 
1-38 
0.0160 
0.0023 

5731- 
II19. 

434- 
4-3 
1.0 

573 
497 
315 
269 

435 

Rubidium 

Potcssium 

Sodium 

Lithium 

Mean 

418 

eliminated  in  the  calculations.  It  will  now  be  shown  that  the  con- 
ductivity data  lead  also  to  absolute  values  of  the  ionization- 
constants  which  are  at  least  of  the  same  order  of  magnitude  as 
those  calculated  by  the  thermodynamic  equation. 

Equation  (13)  shows  that  the  ionization-constant  K  of  an  ele- 
ment is  equal  to  psb/La  in  terms  of  the  conductances  L  and  the 
constants  a  and  b  derived  from  them.  For  a  flame  free  from  salt  L 
was  taken  equal  to  unity,  so  that  K  =  p'sb/a,  where  pE  denotes  the 
pressure  of  the  electrons  in  a  flame  free  from  salt.  Now  it  was 
found^  that  a  flame  into  which  no  salt  was  sprayed,  such  as  was  used 
in  the  above-described  experiments,  has  a  specific  conductance  of 
5X10"^  reciprocal  ohms,  and  that  the  mobility  of  the  electrons, 
as  estimated  from  the  Hall  effect,  is  2450  cm  per  second  for  one  volt 
per  centimeter.  The  specific  conductance  L  is,  however,  substanti- 
ally equal  (since  the  positive  ions  have  only  negligible  conductance) 
to  the  product  of  the  electron  mobility  Ue  times  the  charge  F  on  one 
equivalent  of  electrons  times  their  concentration  ce  (in  mols  per 
cubic  centimeter) ;  that  is, 

RT 


L=U^  F  c^; 


or 


since      pL  =  cRT . 


whence 


.     RTL    82.07X2000X5X10-7 

Pe=-tT-b= zr-r^ =3.5X10-'°  atm. 

^^     U^F  2450X96500  ^  ^ 


Wilson,  Philosophical  Magazine  (6),  10,  475,  1905. 
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An  independent  estimate  of  the  partial  pressure  of  the  electrons 
in  flames  not  fed  with  salt  is  afforded  by  the  work  of  Wilson  and 
Gold,'  who  from  the  apparent  specific  inductive  capacity  for  high- 
frequency  currents  found  the  number  hr  of  electrons  per  cubic 
centimeter  to  be  i.iXio'.  Their  partial  pressure  at  2000°  K.  is 
therefore  given  by  the  follo-\\dng  equation,  in  which  A^  denotes  the 
number  of  molecules  in  one  mol : 


P'e  =  ^J^T= 


1. 1 X  10^X82. 07 X 2000 __ 
~        6.06X10^^ 


3.0X10"^°  atm. 


Using  the  first  of  these  values  of  this  partial  pressure  the  ionization- 

constants  given  in  the  following  table  were  obtained  by  the  equation 

K  =  p'Eh/a,   derived   from   equation  (13)  by  placing  L  =  i.     The 

values  of  K  derived  from  the  ionization-potentials  by  the  themio- 

d>Tiamic  equation  (equation  6)  for  a  temperature  of  2000°  K.  are 

also  given  for  comparison. 

TABLE  IV 

Values  at  2000°  Absolute  of  the  Ioxizatiox-Const.axt  K 
^Multiplied  by  10" 


Cs 

Rb 

K                Na 

Li 

From  flame  conductances      

3500 
8200 

780 
1600 

430            5-6 
620             6.2 

0.8 

From  the  thermodymanic  equation .  . 

1-4 

It  will  be  seen  that  these  two  sets  of  values  do  not  differ  by  a 
factor  of  more  than  two  or  three.  Since  the  value  of  the  partial 
pressure  of  the  electrons  was  derived  from  measurements  of  a  flame 
different  from  that  used  in  the  conductivity  measurements,  the 
agreement  is  as  good  as  could  be  expected.  The  results,  therefore, 
afford  a  striking  confirmation  of  the  general  validity  of  the  calcula- 
tion of  the  ionization  of  the  elements  from  their  ionization-potentials 
by  the  thermodynamic  equation  employed  by  Saha. 

Pasadena,  California,  and  Houston,  Texas 
October,  1922 

^Philosophical  Magazine  (6),  11,  484,  1906;  also  Wilson's  Electrical  Properties 
of  Flames,  p.  1 10. 


FILM  DISTORTION  AND  ACCURACY  OF  PHOTO- 
GRAPHIC REGISTRATION  OF  POSITION' 

By  F.  E.  ROSS 

ABSTRACT 

Eptxl  of  photogriiphic  iilm  distortion  on  the  distatuc  optirt  of  point  iiiui^es. — The 
results  of  the  investigations  by  Schlesinger,  Perrine,  and  .\lbrecht  are  simimarized. 
In  this  investigation  photographs  of  artiticial  stars  were  made  %\-ith  a  precision  camera 
reducing  in  the  ratio  of  i  to  jo.  on  plates  one  incli  wide  pressed  tirml\-  against  a  rigid 
metal  frame.  In  agreement  with  pre%-ious  results,  no  eWdence  of  s>-stematic  errors 
in  distance  ^\"as  foimd.  indicating  that,  in  general,  distortions  are  of  purely  local  origin 
and  extent.  While  the  average  measurements  of  ten  exposures  on  a  triple-coat eil 
plate  are  practically  the  same  as  for  ten  exposures  on  a  thin  emulsion,  the  local  dis- 
tortions are  greater  on  the  tliick  film.  Yet  tlie  greatest  variation  from  the  mean 
was  only  0.0044  mm.  Faint  and  normal  exposures  gave  the  same  a\"erage  meas- 
urements within  0.0005  niiii-  Fxamination  of  the  images  showed  that  the  effects  of 
local  variations  in  distribution  of  tJie  sil\-er-broniido  grains  and  of  \ariation5  in  sensiti\-e- 
ness  and  in  development  are  negligible.  Intensification  modifies  the  minor  details 
of  image  structure,  but  does  not  remo\e  the  larger  irregularities  in  the  original  images 
nor  change  the  center  of  gravit>-  appreciabl\-.  Measurements  of  the  same  plates, 
when  wet  and  dr\-,  agree  accurately  and  indicate  tliat  on  drying  the  images  move 
perpendicular  to  the  surface.  However,  this  is  not  the  case  for  images  within  a  few 
millimeters  of  the  edge,  as  these  move  outward  on  drying  sometimes  as  much  as 
1/  20mm.  This  efltect  ma>-  be  reduced  by  dr>ing  \\'ith  alcohol  or  b\-  liardening  \\'ith 
formalin,  It  is  concluded  that  the  principal  factor  in  producing  tlie  slight  unage  dis- 
placements observed  is  local  non-homogeneit>-  of  the  gelatine. 

Accural y  of  mcasurctficnis  of  the  position  of  stcJhir  images. — The  probable  error 
is  found  to  be  considerabh"  less  in  the  case  of  plates  \Wth  a  fine-grain  thin  emulsion 
(astronomical)  than  for  those  with  thicker  emulsions  (Seed  30  and  triple-coated). 
Intensification  of  weak  images  also  decreases  the  error.  In  the  foregoing  measure- 
ments tlie  probable  error  of  a  single  setting  was  about  0.0005  roni'  whereas  displace- 
ment due  to  film  distortion  \aried  up  to  o.ooj  mm  as  a  maximum,  but  averaged  only 
0.0005  nmi  for  normal  exposures  on  the  tliin  emulsion. 

The  subject  of  film  distortion.  b>-  \vhich  is  meant  relative  dis- 
placement of  photographic  images  due  to  any  one  of  a  number  of 
possible  causes,  has  occupied  the  attention  of  many  investigators 
during  the  past  twenty  years.  The  present  paper  will  be  conlined 
to  tlie  particular  case  of  images  relatively  far  apart  or  beyond  the 
sphere  of  mutual  inlluence.-'  It  will  be  of  interest  to  outline  the 
investigations  and  conclusions  of  a  number  of  workers  in  this  field. 
Only  the  most  recent  and  important  investigations  will  be  reviewed. 

'  ConimitttiaUion  Xo.  i-;4  from  tlie  Research  Laborator\-  of  the  Eastman  Kodak 
Company. 

-  The  distortion  affecting  unages  whicli  are  ver>-  close  togetlier  has  been  treated 
by  the  writer  in  previous  papers.     See  Astropliysical  Jourtul,  52,  lojo;  53,  1921 . 
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There  appears  to  have  been  but  very  little  duplication  of  effort, 
each  investigator  treating  the  subject  from  an  original  and  attractive 
viewpoint,  so  that  the  totality  of  results  forms  a  well-rounded  whole. 
The  vicissitudes  to  which  a  photographic  plate  is  exposed  in  the 
various  operations  of  developing,  fixing,  and  drying,  combined 
with  the  very  obviously  discrete  structure  of  the  photographic 
image,  a  structure  subject  to  the  vagaries  of  grain  clumping,  leave 
a  great  deal  to  the  imagination  of  the  investigator  in  a  serious  ques- 
tioning of  the  faithfulness  of  the  photographic  impression. 

The  distortion  of  photographic  film  has  been  investigated  by 
Dr.  F.  Schlesinger,^  in  1906,  in  a  manner  which  avoids  several 
objectionable  features  of  some  previous  investigations.  Two 
methods  were  used.  .  The  distinctive  feature  of  the  first  method 
consisted  in  a  double  development  of  the  plate  which  had  been 
exposed  to  a  star  field.  The  plate  being  measured  after  each  devel- 
opment by  two  observers,  the  distortions,  if  present,  of  either  an 
accidental  or  a  systematic  kind,  can  be  differentiated  by  a  simple 
mathematical  process  from  the  errors  of  bisection.  No  systematic 
distortion  was  found.  The  values  of  the  distortion  of  an  accidental 
nature  and  the  accidental  errors  of  measurement  were  as  follows : 

Distortion  (mean  error) 0009  mm 

Error  of  bisection  of  an  image  (mean  error)  . .      .0020  mm 

from  which  it  is  concluded  that  the  plate  distortions  were  small  and 
less  than  the  errors  of  measurement.  Nine  subsequent  prolonged 
soakings  in  water  of  the  same  plate  failed  to  increase  this  very  minute 
distortion.  Concerning  the  conclusions  to  be  derived  from  such  a 
test,  the  author  remarks:  "In  the  preceding  experiments  the  first 
measurements  were  made  from  plates  that  had  already  gone  through 
the  processes  of  development.  There  is  a  possibility  that  the  film 
becomes  set  in  some  way  in  the  drying  after  development  so  that 
thereafter  it  has  a  tenacity  that  it  did  not  have  before."  To 
overcome  this  objection,  a  plate  was  spattered  with  ink,  giving  fine 
sharply  outlined  dots.  The  co-ordinates  of  the  dots  were  measured, 
after  which  the  plate  was  immersed  in  a  developing  solution  in 

'  "On  the  Distortion  of  Photographic  Films,"  Publications  of  the  Allegheny  Obser- 
vatory I,  No.  I. 
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which  the  developing  agent  itself  was  left  out,  then  fixed,  washed, 
and  dried  in  the  usual  manner  and  remeasured.  The  mean  result 
from  five  plates  was 

Mean  distortion  error con  mm 

Mean  bisection  error 0017  mm 

agreeing  with  the  result  of  the  first  experiment.  The  author  con- 
cludes that  distortion  errors  are  not  to  be  feared. 

Important  additions  to  the  literature  are  contributed  by  C.  D. 
Perrine.'  Perrine  remarks:  "It  has  been  the  experience  of  prac- 
tically all  astronomers  engaged  in  the  measurement  and  reduction 
of  photographs  of  stars  or  of  spectra  that  the  discordances  found 
among  such  measures  are  much  larger  than  can  be  accounted  for 
by  the  errors  of  measurement  alone."  Perrine  investigated  the 
discordance  or  distortion  on  three  kinds  of  plates,  vSeed  23,  27,  and 
Seed  Transparency,  all  coated  on  plate  glass.  Plates  were  exposed 
in  the  laboratory  to  a  pattern  plate  containing  small  holes  as  a  check 
upon  stellar  exposures.  Distances  of  the  order  of  5  mm  were  meas- 
ured.    His  results  are  summarized   in  Table  I.     By  "range"  is 

TABLE  I 
Mean  Ranges 


Seed  23 

Seed  27 

Seed  Transparency 


Laboratory 
Exposures 


mm 
.0051 
.0051 
.0021 


Stellar 
Ejcposures 


.0051 
.0043 
.0026 


meant  the  difference  between  the  greatest  and  least  result  of  meas- 
urement, or  the  dispersion  in  readings.  Perrine  finds  that  the 
error  of  bisection  forms  but  an  insignificant  part  of  the  foregoing, 
the  range  of  the  bisection  error  being  ,0006  mm  (mean  of  five 
settings,  direct  and  reversed).  The  agreement  between  laboratory 
and  telescope  exposures  is  considered  to  place  the  burden  of  the 
difficulty  on  the  photographic  plate.  Accepting  the  result  of  numer- 
ous investigations,  that  distortion  of  the  film  itself  is  negligible, 

'  "Some  Results  of  a  Studj'  of  the  Grains  and  Structure  of  Photographic  Film," 
Lick  Observatory  Bulletin,  No.  143,  1908. 
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the  author  concludes  that  the  difficulty  is  to  be  found  in  the  images 
themselves  or  more  specifically  in  the  "structure  of  the  image." 
Examination  under  high  magnification  of  a  number  of  images,  given 
identical  exposures,  discloses  such  diversity  of  outline  that  no  doubt 
remains  in  the  author's  mind  but  that  a  true  cause  has  been  found. 
He  concludes: 

Broadly  speaking,  we  may  say  that  the  trouble  is  due  to  a  lack  of  homo- 
geneity in  the  structure  of  the  film.  If  the  grains  of  silver  thrown  down  were 
much  more  vmiformly  distributed  than  at  present,  most  of  the  trouble  would 
probably  vanish.  There  are  at  least  three  possible  causes  for  such  an  irregular 
structure  as  that  observed.  It  may  result  from  a  real  difference  in  the  sensi- 
tiveness of  the  silver  grains,  from  the  lack  of  uniform  transparency  of  the  gela- 
tine covering,  or  from  regions  deficient  in  silver  grains.  The  volume  of  gelatine 
in  a  sensitive  emulsion -appears  to  be  several  times  that  of  the  silver  grains.*' 
Hence  it  would  seem  that  there  must  be  considerable  regions  which  are  devoid 
of  any  silver  grains  ....  an  increase  in  the  amount  or  a  further  subdivision 
of  silver  ought  to  reduce  the  scale  of  the  lane  structure  in  the  penumbra  of 
star  images,  with  a  consequent  improvement  in  their  forms  and  derived  posi- 
tions. 

In  a  following  paper^  Perrine  continues  his  investigations, 
stud^ang  in  detail  the  effect  of  an  increase  in  richness  of  silver  in 
the  emulsion  and  of  a  diminution  in  the  size  of  the  grain.  Seed 
X-ray  plates  were  chosen  on  account  of  their  greater  richness  in 
silver  (about  25  per  cent).  In  addition  to  ordinary  development, 
the  fine-grain  development  process  of  Lumiere-Seyewetz  was  em- 
ployed.    Table   II    summarizes    the   results    obtained.     Thus   no 

TABLE  II 
Ranges 


Seed  X-Ray,  ordinary  glass .  .  . 

Seed  27,  ordinary  glass 

Seed  27,  plate  glass 

Seed  23,  ordinary  glass 

Seed  23,  plate  glass 

Seed  Lantern,  ordinarj^  glass .  . 
Seed  Transparency,  plate  glass . 


Ordinary 
Development 


.0030 

( . 0064) 

.0044 


.0015 
.0022 


Fine-Grain 
Development 


mm 
.0029 
.0040 
.0039 
.0030 
.0016 
.0018 
.0020 


'  About  nine  times  in  an  average  emulsion.     F.E.R. 

^  "Results  of  Some  Further  Studies  on  the  Structure  of  Photographic  FUms  and 
the  Effect  on  Measures  of  Star  Images,"  Lick  Observatory  Bulletin,  No.  178,  1909. 
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impro\^ement  in  accuracy  due  to  fine-grain  development  was  found. 
It  is  considered  that  the  expected  advantage  of  an  increase  in  rich- 
ness of  silver  is  borne  out.  Further  conclusions  of  importance 
deduced  by  the  author  are  that  thin  or  weak  images  show  greater 
discordances  than  dense  or  fully  exposed  ones,  and  that,  when  the 
thickness  of  the  emulsion  is  reduced,  the  discordances  are  also 
reduced.  In  addition,  "there  appears  to  be  a  decided  tendency 
....  for  thick  films  and  thin  images  to  give  values  of  the  dis- 
tances systematically  too  large."     He  finds: 

Plate  Mean  A  in  mm 

Rapid  (thick  film) 17 .  4628 

Slow  (thin  film) 17. 4600 

Distance  on  pattern  plate 27 .  4604 

The  author  concludes: 

Such  an  effect  could  be  explained  by  supposing  a  swelling  action  of  some 
sort  to  take  place  after  the  images  were  impressed  upon  the  film,  and  during 
the  process  of  developing,  fixing,  washing  and  drying.  Just  why  a  swelling 
should  take  place  is  not  clear.  It  would  seem  more  natural  to  expect  a  shrink- 
age, owing  to  the  removal  of  unaffected  silver  from  the  film  in  fixing. 

The  subject  of  film  distortion  has  been  investigated  by 
S.  Albrecht^  who  covers  important  points  in  his  investigation 
not  considered  by  previous  workers.     To  quote: 

The  most  important  features  of  the  plan  upon  which  my  work  was  begun 
were  investigations  of  the  effects  of  (a)  the  position  of  the  plate  during  the 
processes  of  washing  and  drying;  (b)  the  rate  of  drying;  (c)  abrupt  changes  in 
the  rate  of  dr>dng  during  the  process;  (d)  changes  in  the  position  of  the  plate 
while  drying,  (e)  hardness.     Emulsions  on  plate  glass  were  also  tried. 

The  results  were  entirely  negative.  The  conclusions,  however, 
which  are  of  importance  and  interest,  are  summarized  by  the  author 
as  follows: 

(i)  For  the  size  of  plate  used  (4X5  inches)  it  was  found  to  be  entirely 
indifferent  whether  the  plate  be  vertical  or  horizontal  during  development, 
fixing,  washing  and  drying.  (2)  Within  the  range  of  the  observations,  hardener, 
the  rate  of  drying,  and  changes  in  the  rate  of  drying  and  in  the  position  of  the 
plate  during  the  process  of  drying  introduced  no  general  distortion  of  the 

•  "On  the  Distortions  of  the  Photographic  Films  on  Glass,"  Astrophysical  Journal, 
35.  349.  1907- 
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gelatine  film.  (3)  Local  distortions  were  found  on  artificial  star  plates  and  on 
spectrograms.  These  distortions  were  confined  in  each  case  to  an  area  equal  to 
a  small  fraction  of  a  square  milHmeter.  The  largest  lateral  displacement 
found  at  any  point  in  the  distorted  area  was  .020  mm  while  the  great  majority 
were  less  than  one-fourth  of  this  amount.  (4)  The  distortions  appear  to  be 
principally  of  two  different  kinds:  one  was  due  to  an  actual  movement  of  a 
minute  portion  of  the  film,  the  other  was  an  apparent  shift  of  the  image  due  to 
the  peculiar  arrangement  of  the  silver  grains  or  to  local  differences  in  the 
sensitiveness  of  the  film.  (5)  The  results  obtained  from  one  plate-glass  plate 
showed  no  advantages  of  the  plate  glass  over  the  ordinary  commercial  plates  in 
the  matter  of  distortions  of  the  film. 

The  present  writer'  in  191 2  incidentally  found  an  apparently 
new  kind  of  film  distortion.  Small  plates,  27X37  mm,  which  were 
dried  in  a  chimney  type  of  drying-box,  showed  a  large  general 
expansion  amounting  to  one  part  in  twelve  hundred.  It  was  further 
found  that  if  a  plate  containing  star  images,  in  this  distorted  con- 
dition, was  soaked  in  water  and  dried  in  the  ordinary  way,  the  dis- 
tortion disappeared.  In  this  same  investigation  a  determination 
was  made  of  the  probable  error  of  a  single  measured  distance  between 
reseau  lines  on  plates  dried  in  air  and  in  alcohol  respectively.  There 
was  a  decided  difference  in  favor  of  the  alcohol-dried  plates,  as  the 
following  figures  show : 

Probable  error  of  a  measured  distance,  air  dried ±  .0020  mm 

Probable  error  of  a  measured  distance,  alcohol  dried  .       .0012  mm 

Uniformity  of  drying,  secured  very  effectively  by  immersion  in 
alcohol,  is  thus  seen  to  be  an  important  factor  in  reducing  film 
distortion  at  least  on  plates  of  these  small  dimensions. 

In  a  former  paper^  the  writer  has  accounted  for  displacements 
in  position  of  images  which  are  close  together  by  assuming  local 
inequalities  in  drying.  In  the  case  of  an  isolated  image  such  a 
hypothesis  does  not  commend  itself  unless  one  assumes  a  non- 
homogeneity  of  structure  in  the  gelatine.  This  would  lead  to  local 
variations  in  the  rate  of  drying.  Except  for  the  observations  of  the 
writer  quoted  above,  there  are  no  well-authenticated  cases  of  general 

'  Special  Publications,  U.S.  Coast  and  Geodetic  Survey,  No.  27,  p.  44. 
'"Image  Contraction  and  Distortion  on  Photographic  Plates,"  Astrophysical 
Journal,  52,  106,  1920. 
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expansion  or  contraction  of  film  on  glass.  The  amount  of  the 
observed  displacements  appears  to  be  constant  for  all  distances. 
This  fact  suggests  that  the  phenomenon  of  apparent  displacement 
is  of  purely  local  origin  and  extent.  From  this  standpoint,  namely, 
of  local  action,  collecting  the  various  suggestions  which  have  been 
advanced,  we  have  as  possible  causes: 

1.  Local  drying  strains. 

2.  Local  variations  in  distribution  of  the  silver-bromide  grains. 

3.  Local  variations  in  sensitiveness. 

4.  Local  variations  in  development. 

5.  Grain  clumping,  i.e.,  graininess  or  local  variations  in  the  dis- 
tribution of  the  developed  grains. 

It  is  quite  evident  that  much  more  data  must  be  accumulated 
before  the  phenomenon  in  question  can  be  established  beyond  dis- 
pute. The  writer  has  made  a  number  of  experiments  and  measure- 
ments, suggested  by  various  aspects  of  the  subject,  which  will  now 
be  described.  In  general,  the  distances  measured  were  chosen 
small,  which  makes  for  greater  accuracy,  but  not  so  small  that  the 
images  might  possibly  be  affected  by  mutual  action.  Instead  of 
.forming  artificial  star  images  by  contact  printing,  they  were  pro- 
jected on  the  plate  in  the  precision  camera.  It  was  felt  that  this  is 
much  the  safer  procedure  of  the  two.  The  only  drawback  is  a  varia- 
tion of  focal  distance  from  exposure  to  exposure  due  to  possible 
irregularities  in  the  plate.  This  effect  should  be  small,  however, 
since  the  plates  are  only  one  inch  wide  and  are  pressed  firmly  against 
a  metallic  bed  in  the  plate  holder.  In  order  to  appraise  the  varia- 
tion, if  present,  the  pattern  plate  was  made  with  four  artificial 
stars  distributed  in  a  straight  line.  If  there  is  a  variation  of  focus, 
the  distance  of  the  two  outer  stars  should  show  a  greater  probable 
error.     It  will  be  seen  that  this  is  not  the  case. 

Experiment  A . — Six  plates  were  exposed  in  the  precision  camera 
(reducing  20  times)  to  the  test  object  containing  four  artificial  stars, 
A,  B,  C,  D,  lying  on  a  straight  line.  Ten  exposures  were  made  in 
rapid  succession  on  each  plate.  The  plate  holder  slides  smoothly 
and  accurately  in  metallic  grooves.     The  plates  were  as  follows: 

I.  Fine-grained  orthochromatic  thin  emulsion  (called  astro- 
nomical). 
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2.  Seed  30,  medium  thickness. 

3.  Triple-coated  orthochromatic. 

These  plates,  of  varying  emulsion-thickness,  were  chosen  to  test 
the  thickness-effect  (see  Perrine's  result,  p.  37).  Two  exposure 
times  were  chosen,  giving  weak  or  surface  images  and  strong, 
deep  images,  respectively.  Each  plate  was  measured  twenty 
times,  ten  direct  and  ten  reversed,  on  ten  separate  days.  "One 
measure"  in  Table  III  signifies  the  mean  of  a  single  direct  and 
reversed  measure,  each  image  being  bisected  but  once.  The  read- 
ings were  all  started  from  the  same  point  on  the  screw,  so  that 
secular  and  periodic  screw  and  bearing  errors  are  eliminated.  The 
mean  results  are  contained  in  Table  III.     Magnification  used,  75. 

'    .  TABLE  III 

Mean  A  and  Probable  Errors 


Emul- 
sion 

Thick- 
ness 

Diam- 
eter 

OF 

Images 

BC  =  Ai 

^Z)  =  A, 

Mean 
A, 

Probable  Errors 

Mean 
A, 

Probable  Errors 

Plates 

One 
Distance 
(Photo- 
graphic) 

One 

Meas- 
ure 
(Per- 
sonal) 

One 
Distance 
(Photo- 
graphic) 

One 

Meas- 
ure 

(Per- 
sonal) 

Weak  (2=)  exposure: 

mm 

.014 
.030 
.060 

mm 

.021 
.027 
.024 

mm 

I -3321 
1-3317 
1. 3318 

mm 

,00040 
.00075 
.00084 

mm 

.00043 
.00063 
.00065 

mm 

2.6512 
2.6519 
2.6520 

mm 

.00085 
.00134 
.00180 

mm 
.00058 

.00055 

Triple  C.  Ortho 

.00068 

1-3319 

1-3319 

I -3314 
1-3324 

.00066 

. 00046 
.00072 
.00075 

.00057 

.00043 
.00054 
.00062 

2.6517 

2.6510 
.26513 
2.6519 

■OOI33 

.00064 
.00072 
. 00080 

.00060 

Strong  (6o»)  exposure; 

.014 
■  030 
.060 

.061 
.067 
.06s 

.00042 

.00053 

Triple  C.  Ortho 

. 00049 

I -3319 

. 00064 

-OOOS3 

2.6514 

.00072 

. 00048 

Comparing  in  this  table  the  means  of  mean  A  for  weak  and  heavy 
exposures,  it  is  found  that 

Mean  A  (heavy  exposure)— Mean  A  (weak  exposure)  =  —  .00015  mm 

Comparing  mean  A  by  plates,  agreement  is  not  so  marked.  How- 
ever, the  pronounced  increase  in  A  for  thick  emulsions,  found  by 
Perrine,  is  not  in  evidence. 

Comparing  probable  errors,  the  superiority  of  the  thin  fine-grain 
astronomical  emulsion  is  manifest.  This  plate  is  by  no  means 
slow.     It    accordingly   has    distinct   advantages   in   astronomical 
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work.  The  photographic  probable  errors  are  in  general  smaller 
than  obtained  by  previous  workers.  In  fact  they  are  so  small  as 
to  materially  increase  faith  in  the  accuracy  of  photographic  regis- 
tration of  position,  under  properly  controlled  conditions.  How- 
ever, there  is  no  doubt  that  occasional,  sensible,  apparent  dis- 
placements of  images  manifest  themselves,  amounting  to  .002  mm 
at  the  maximum.  In  order  to  see  if  there  is  any  dependence  of  dis- 
placement on  the  character  of  the  image,  all  images  on  the  foregoing 
series  of  plates  concerned  in  producing  large  displacements  were 
examined.  In  every  case  the  images  of  each  pair  were  round  and 
regular,  giving  no  sign  of  disturbance.  On  the  other  hand  dis- 
tances measured  between  images  which  were  very  irregular  in 
outline — cases  where  one  would  expect  an  apparent  displacement — ■ 
did  not  indicate  anything  abnormal.  These  facts  tend  to  throw 
doubt  on  the  irregularity-of-outline  theory  of  image  displacement 
and  are  accordingly  more  favorable  to  the  theory  of  local  gelatine 
disturbance,  i.e.,  disturbances  confined  to  minute  volumes  of 
gelatine  such  as  would  be  produced,  for  example,  if  the  gelatine 
were  not  strictly  homogeneous.  In  this  case  it  should  be  found 
that  local  distortions  depend,  not  on  emulsion,  but  on  the  gelatine 
and  on  the  thickness  of  the  coating.  It  would  be  difficult  to  explain 
the  large  distortions  found  by  Albrecht  (p.  38)  on  any  other  basis. 

The  comparatively  large  value  of  the  photographic  error  for  A 
in  the  case  of  weak  exposures,  shown  in  Table  III,  is  difficult  to 
explain.  That  it  cannot  be  due  to  irregularities  in  focal  distance 
mentioned  above  is  indicated  by  the  results  given  in  Table  IV. 
Each  A  is  the  mean  of  twenty  measures  on  ten  days,  so  that 
accidental  measuring  errors  are  eliminated.  Comparing  corre- 
sponding ^'s,  there  is  no  evidence  of  correlation. 

The  fidelity  of  the  photographic  plate  in  recording  distance  is 
primarily  dependent  upon  the  physical  properties  of  gelatine,  which 
are  peculiar  and  exceedingly  complex.  The  present  form  of 
gelatine  is  sensitive  both  to  heredity,  history,  and  immediate  en- 
vironment. "Any  'structure'  is  not  inherent  in  the  gelatin,  but 
is  an  environment  impress,  a  strain  structure  in  the  original  mass."^ 

'  Sheppard  and  Elliott,  "The  Dtying  and  Swelling  of  Gelatin,"  Journal  American 
Chemical  Society,  44,  379,  February,  1922. 
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It  is  to  be  pointed  out  that  the  form  characteristics  are  not  to  be 
regarded  as  merely  two-phase,  the  wet  and  dry  phase,  with  inter- 
mediate values,  for  even  in  the  dried  condition  two  or  more  dimen- 
sional forms  can  exist  in  the  same  mass,  depending  on  its  previous 
history.  An  example  of  this  is  recorded  on  page  38.  Numberless 
experiments  suggest  themselves  which  would  be  useful  in  the  study 
of  the  forms  of  gelatine  masses  in  general  and  in  particular  in  the 
study  of  sheets  of  gelatine  containing  emulsions  coated  on  plates. 
Sheppard  and  Elliott  {loc.  cit.)  have  made  a  partial  study  of  the 
shapes  which  drying  masses  of  gelatine  take  under  various  condi- 
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TABLE  IV 
Weak  Exposures 

Triple -COATED  Ortho  Plate 

A, 

i\ 

Aa 

V3 

I    I 

3331 
3319 
3325 
33II 
3329 
3295 
3329 
3323 
3310 

3309 

-13 

—  I 

—  7 
+  7 

—  II 

+  23 

—  II 

—  5 
-1-  8 
+  9 

2.6402 

-^28 

+42    . 
-16 
-29 
-2,3 

-  7 
0 

+  17 
+  14 

—  20 

2       

6478 
6536 

6549 
6553 
6527 
6520 

6503 
6506 

6=;  4.0 

•2            

A                   

c 

6 

7 

8 

0 

10 

■^ 

Means   i 

3318 

2 .6^^o 

tions,  in  particular  with  one  face  constrained,  which  is  the  case  of 
interest  in  photography.  From  their  experiments  it  might  be 
inferred  that  the  upper  layer  of  gelatine  on  a  photographic  plate 
contracts  on  drying,  at  least  at  the  edges  of  the  plate.  It  is  of 
interest  to  make  a  special  study  of  what  happens  in  this  particular 
and  important  case.  It  may  not  be  of  practical  interest  to  the 
astronomer  to  know  what  becomes  of  the  photographic  image  when 
the  film  is  wet.  Knowing  that  the  images  on  hydration  and 
dehydration  move  in  a  general  direction  perpendicular  to  the  plate, 
it  is  only  necessary  that  these  opposite  movements  take  place  along 
the  same  path.  This  is,  of  course,  an  assumption  which  must  be 
proved.     The  expansion  of  the  film  in  development  takes  place 
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under  entirely  different  physical  and  chemical  conditions  from 
its  contraction  on  dr>dng,  due  to  the  removal  of  the  unexposed 
silver  bromide  and  to  other  factors.  The  natural  inference  is  that 
distortion  would  be  very  likely  to  take  place.  This  has  been  the 
viewpoint  of  astronomers  who  have  gone  to  considerable  trouble 
to  determine  the  character  and  amount  of  the  distortions. 

Measurements  on  wet  and  dry  plates. — In  order  to  observe  the 
effect  of  swelling,  moderately  large  distances  were  chosen.  Since 
the  effect,  if  any,  should  be  a  maximum  on  thick  films,  a  triple- 
coated  plate  was  used.  Two  groups  of  images  30  mm  apart, 
symmetrically  located  on  a  plate  1X5  inches,  were  measured.  The 
images  were  small  and  confined  to  the  surface,  so  that  any  surface 
creep  would  be  disclosed.  The  fixing  bath  contained  no  hardener. 
After  measurement,  dry  and  wet,  the  plate  was  bathed  in  a  harden- 
ing (formalin)  bath  and  the  measurement  repeated.  A  below  is 
the  mean  of  five  independent  distances,  measures  being  made  direct 
and  reversed. 

Mean  A  in  mm 

Plate  measured  wet 30. 1380 

Plate  measured  dry 30. 1380 

After  formalin  bath,  wet 30. 1368 

After  formalin  bath,  dry ■. .  30. 1389 

These  measures  show  that  even  under  the  extreme  conditions  chosen, 
the  movements  of  the  images  in  swelHng  and  in  dr}dng  are  outward 
and  inward  along  the  same  path,  which  path  is  without  a  doubt 
perpendicular  to  the  plate.  A  very  minute  effect  is  shown  to  have 
resulted  from  the  hardening  bath,  but  is  so  small  as  to  be  doubtful. 
The  effect  of  hardening  is  taken  up  in  more  detail  on  page  46. 

It  is  well  known  that  in  the  case  where  images  are  located  near 
the  edge  of  a  plate,  measures  are  unrehable.  In  order  to  find 
out  the  exact  nature  of  the  phenomena  exhibited  in  this  case,  a 
very  narrow  strip,  4.3  mm  wide,  was  cut  from  a  plate  containing 
exposures  of  the  four-hole  test  object,  in  such  a  way  that  the  two 
outer  images,  A  and  D,  were  but  0.8  mm  from  the  edge.  This 
plate  was  then  subjected  to  a  series  of  hydrations  and  dehydrations 
and  measured  at  each  phase.  Table  V  contains  the  results.  Soak- 
ings  were  for  thirty  minutes  in  water  at  70°.     Very  pronounced  dis- 
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tortions  are  exhibited  in  this  table,  which  are  seen  to  be  considerably 
less  in  the  case  of  the  images  BC  farther  from  the  edge.  It  is  to  be 
noted  that  after  the  first  wetting  the  film  always  expands  on  drjdng. 


TABLE  V 
Distortions  of  Plate 

4 

AD 

Increase  ^i 

BC 

Increase  n 

2.655 
2.665 
2.702 
2.680 
2.707 
2.685 
2.712 

1-333 
1-337 
1-372 
1-345 
1-368 
1-352 
1-374 

2    Wet             

+  10 
+47 
+  25 
+  52 
+30 
+  57 

+  4 

:;.  Dry 

+39 

4.  Wet 

+  13 

e.  Dry 

+35 

6.  Wet 

+  19 

7    Drv       -. 

+41 

Distances  of  images  from  edge 

0.8  mm 

1-5 

mm 

Further  data  were  obtained  from  similar  measurements  on  a 
wider  plate  (8.1  mm  wide).  The  plate  was  alternately  wetted  and 
dried  seven   times.     The  mean  results  are  given  in  Table  VI. 


TABLE  VI 


AD 

BC 

Original,  dry 

mm 
2-653 
2-653 
2.659 

mm 

Measured  wet 

I  .333 

Measured  dry 

I  -336 

Distances  of  images  from  edge 

2.7                    3-4 

The  same  phenomena  are  exhibited,  but  to  a  less  extent,  as  was  to  be 
expected,  since  the  distances  from  the  edge  are  greater. 

Cause  of  edge  distortion. — At  first  sight,  it  would  appear  that  on 
drying  there  must  be  a  shrinkage  of  the  gelatine  at  the  edge  of  an 
image  taking  place  in  the  plane  of  the  plate,  following  the  analogy 
of  a  cube  of  gelatine  drying  with  one  face  constrained.  In  the 
above  experiments,  however,  the  opposite  was  found  to  be  the  case, 
the   gelatine  expanded  on   drying.     The  explanation   of   the 


i.e 


phenomenon  appears  to  be  the  same  as  that  proposed  by  the  writer 
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in  a  former  paper^  in  explaining  the  mutual  action  of  adjacent 
images.  It  is  imagined  that  in  drying,  whenever  any  differential 
action  occurs  such  as  one  portion  of  the  plate  drying  more  quickly 
than  another,  there  is  a  migration  of  gelatine  with  its  encom- 
passed images  which  takes  place  in  the  direction  of  the  region 
which  has  dried  first.^  This  principle  is  manifestly  applicable  to 
the  edges  of  plates  which  dry  more  quickly  than  the  center.  The 
drying  line  accordingly  creeps  in  from  edge  to  center,  accompanied 
by  migration  of  gelatine  outward.  It  will  be  convenient  to  make 
use  of  the  term  "hydration  gradient"  which  can  be  defined  as  the 
maximum  derivative  of  the  specific  water  content  with  respect  to 
any  direction  in  the  plane  of  the  plate.  On  account  of  the  gelatine 
setting  very  quickly  at  the  extreme  edge,  leading  to  a  very  large 
hydration  gradient,  there  is  greater  differential  action  in  this 
region  and  accordingly  a  greater  transfer  of  gelatine.  The  hydra- 
tion gradient  at  any  distance  from  the  edge  greater  than  10  mm, 
roughly,  appears  to  be  so  low  that  transfer  of  gelatine  and  conse- 
quent distortions  are  insignificant.  In  this  case  the  movements  are 
strictly  up  and  down  or  normal  to  the  plate.  It  is  quite  probable 
that  irregularities  in  the  thickness  of  the  film  coating  lead  to  uneven 
drying  and  consequently  to  distortions. 

Efect  of  hardener. — A  small  plate  16X24  mm  was  cut  in  such  a 
way  that  a  group  of  images  lay  near  each  long  edge  in  a  line  per- 
pendicular to  it.  After  measuring  dry  and  wet,  the  plate  was 
bathed  in  formalin  and  remeasured.  Table  VII  contains  the 
results.  In  the  case  of  Ai,  the  images  are  1.3  mm  from  the  edge  of 
the  plate,  as  indicated  in  the  table. 

'"Image  Contraction  and  Distortion  on  Photographic  Plates,"  Astrophysical 
Journal,  52,  106,  1920. 

^  Since  the  foregoing  was  written  ni}'  attention  lias  been  called  to  a  paper  by 
H.  Stintzing  in  KoU.  Clicm.  Beihcjte,  6,  231-96,  1914,  entitled  "The  Influence  of 
Light  on  Colloid  Systems."  He  finds  that  it  is  a  general  property  of  colloid  systems, 
of  which  gelatine  is  an  example,  that  exposure  to  radiation  produces  an  increase  in  con- 
centration of  the  colloid  in  the  portions  insolated,  migration  taking  place  from  the 
unaffected  regions.  The  phenomenon  only  takes  place  if  evaporation  is  permitted. 
The  author  explains  the  phenomenon  as  a  change  in  the  distribution  of  the  colloid 
resulting  from  local  inequalities  in  the  rate  of  e\'aporation  and  affirms  tliat  lliis  is  a 
general  property  of  colloid  systems. 
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It  will  be  noticed  from  this  table  that  no  effect  results  from  the 
hardening  bath  until  the  plate  has  dried.  The  small  effect  appear- 
ing in  the  fourth  line  of  the  table  is  doubtless  due  to  partial  drying 
before  the  measures  could  be  completed.  After  hardening,  true 
distances  can  no  longer  be  obtained  on  the  plate  by  soaking  in 
water.  Distances  are  now  the  same,  whether  measured  wet  or  dry, 
and  correspond  to  the  false  distances  indicated  in  line  No.  3  of  the 
table,  and  not  to  the  true  distances  of  line  No.,  i.  The  reason  for 
this  is  not  far  to  seek.  The  hardening  has  destroyed  nearly  all 
of  the  power  of  the  gelatine  to  swell  on  immersion  in  water.     In 

TABLE  VII 
Measures  on  Hardened  Plate 


Original  (after  cutting),  dry 

Soaked  one  hour  in  water,  wet 

Dr}' 

Soaked  one  hr.  in  water,  then  15  min. 

in  formalin,  wet 

Dr>' 

Soaked  one  hr.  in  water,  then  13  min. 

in  formalin,  wet 

Dry 

Soaked  one  hr.  in  water,  then  15  min 

in  formalin,  wet 

Distance   of   each   image   from 
edge  of  plate 


A, 


Exp. 
(m) 


+  22 


+  7 
+  21 


+  20 
+  18 


A, 


Exp. 
(m) 


+  18 


+  3 
+  8 


+  Q 
+  Q 

+  7 


10.194 
10.193 
10.204 

10.195 
10. 199 

10.201 
10.200 


Exp. 


+10 


+  I 
+  5 


+  7 
+  6 


+  6 


E\p. 

(m) 


—  I 

—  I 
o 

+  I 


the  case  of  the  foregoing  plate,  the  swelling  was  found  to  be  only 
40  per  cent  as  compared  with  an  average  of  700  per  cent  on  unhard- 
ened  plates. 

Effect  of  intensification.. — ^Although  the  present  investigation 
has  not  disclosed  any  clear  effect  upon  position  measurements 
which  is  due  to  the  raggedness  of  outline  of  the  images  measured, 
there  is  the  possibility  of  such  errors  being  present.  The  a  priori 
reasons  for  the  existence  of  such  are  strong.  If  actually  present 
there  remains  the  attractive  probability  that  intensification  of  the 
images  will  lead  to  improved  results.  Such  improvement  should  be 
especially  noticeable  in  the  case  of  weak  images  in  which  the  defects 
of  structure  are  more  pronounced.     Plate  I  shows  a  number  of 
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photomicrograms  of  weak  images.  In  the  lower  row  of  Plate  I 
the  same  images  are  shown  after  intensification.  Images  having  an 
unusual  amount  of  distortion  were  chosen.  One  is  of  an  equilateral 
triangular  form.  It  is  to  be  understood  that  these  irregularities 
are  not  due  to  the  optical  system  but  are  accidental  configurations 
on  the  photographic  plate.  It  will  be  noted  that  intensification 
has  not  altered  the  larger  peculiarities.  In  the  case  of  the  smaller 
defects  which  include  open  spaces,  bays,  and  capes,  there  is  a 
decided  filling  in,  so  that  there  is  a  considerable  improvement  in  the 
appearance  of  the  image  after  intensification. 

In  order  to  make  a  numerical  test  of  the  effect  of  intensification, 
a  Seed  30  plate  containing  weak  exposures  was  chosen  for  test. 
The  system  of  exposure  has  been  described  on  page  40.  In  fact 
the  plate  chosen  figures  in  the  second  line  of  Table  III.     Table  VIII 

TABLE  VIII 

Effect  of  Intensification 


AD 

BC 

Exposure 

Before  Intensification 

After  Intensification  Bef 

ore  Intensification 

After  Intensification 

mm 

V 

mm 

V 

mm 

V 

mm 

V 

I 

2 

2.6505 
.6526 
.6539 
•6539 
•6524 
.6540 

•  6502 
•6483 

•  6510 
•6525 

+  14 

-  7 

—  20 

—  20 

-  5 

—  21 

+  17 
+36 
+  9 

-  6 

2.6508 
.6518 
■6530 
•6525 
.6521 
■6526 

.6495 
.6480 
.6496 
.6533 

+  5       I 

-  5 
-17 

—  12 

-  8 

-13 

+  18 
+33 
+  17 

—  20 

3297 
3315 
3308 

3329 
3314 
3318 
3324 
3327 
3310 
3332 

+  20 

+    2 

+  9 

—  12 

+  3 

—  I 

—  7 

—  10 

+  7 
-IS 

1.3304 
•330s 
•  3302 
■3328 
•3317 
•3326 
•3318 
.3326 
•3310 
.3347 

+  14 
+  13 
+  16 

7. 

.4 

— 10 

5 

+    I 

6 

-  8 

7 

0 

8 

—  8 

0 

+  8 
-29 

10 

Means. . 

2.6519 

2.6513 

I 

3317 

1-3318 

contains  the  results  of  measurement  of  this  plate  before  and  after 
intensification.  Each  A  is  the  mean  of  ten  measurements  made  on 
as  many  days.  Comparison  of  the  z^'s  before  and  after  intensifica- 
tion in  this  table  proves  that  intensification  has  had  no  effect  on 
the  apparent  occasional  displacements  of  star  images,  which  are 
indicated  by  abnormal  values  of  v.     On  account  of  the  improve- 
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ment  in  the  appearance  of  intensified  images  noted  above,  it  might 
be  expected  that  the  accidental  measuring  errors  are  reduced.  That 
this  is  the  case  is  shown  by  Table  IX.     Accordingly,  the  only  gain 

TABLE  IX 

Probable  Error  or  a  Single  Measurement 

(Mean  of  Direct  and  Reversed) 


Ai 

Aa 

Before  intensification 

After  intensification 

mm 
±.00055 
.00044 

mm 
=1=  .  00063 
. 00050 

on  intensification  appears  to  be  a  diminution  in  the  error  of  measure- 
ment.   The  constant  errors  in  position  of  the  image  are  not  affected. 

Rochester,  New  York 
August  22,  1922 


INVESTIGATIONS  ON  PROPER  MOTION 

NINTH  PAPER:    INTERNAL   MOTION  IN  THE   SPIRAL  NEBULA 
MESSIER  63,  N.G.C.  5055' 

By  ADRIAAN  VAN  MAANEN 

ABSTRACT 

Spiral  Nebula  M  63  (N.G.C.  5053). — Comparison  of  two  plates  taken  in  1910  and 
1922  by  Ritchey  and  Humason,  respectively,  gives,  with  respect  to  21  comparison 
stars,  an  annual  proper  motion  for  the  nebula  as  a  whole  of  /ia=  +0*005,  ns=  —0*015. 
The  motions  of  98  nebular  points  with  reference  to  the  nebula  are  tabulated  and  also 
shown  on  the  photograph,  Plate  II.  The  internal  motion  is  found  to  be  a  stream  motion 
of  +0^019  outward  along  the  arms  of  the  spiral,  combined  with  an  outward  transverse 
motion  of  +0^004.  There  is  a  slight  increase  in  the  motions  with  increasing  distance 
from  the  center.  The  results  are  analogous  to  those  found  for  M  33,  51.  81,  94,  loi, 
and  N.G.C.  2403,  but  are  even  more  convincing  because  of  the  long  time-interval 
between  plates  and  the  many  nearly  starlike  points. 

Curtis''  describes  this  object  as  "a,  bright,  beautiful  spiral 
8^X3'  in  p.a.  98°.  Has  an  almost  stellar  nucleus.  The  whorls  are 
narrow,  very  compactly  arranged,  and  show  numerous  almost 
stellar  condensations." 

Two  plates  taken  at  the  25-foot  focus  of  the  60-inch  reflector 
were  measured  with  the  new  stereocomparator :  the  old  plate  was 
secured  by  Mr.  Ritchey  on  March  9,  1910,  the  new  plate  by 
Mr.  Humason  on  May  28  and  29,  1922;  both  plates  have  an  ex- 
posure of  five  hours  and  are  of  good  quality. 

The  plates  were  measured  in  four  positions,  east,  west,  north, 
and  south,  respectively,  in  the  direction  of  increasing  readings 
of  the  micrometer  screw.  Twenty-one  comparison  stars  and 
98  points,  the  latter  presumably  belonging  to  the  nebula,  were 
measured.  The  measures  in  right  ascension  were  combined  into 
one  set,  and  those  in  declination  into  another;  then  the  measured 
quantities  were  multiplied  by  0.698  to  reduce  the  values  expressed 
in  parts  of  the  micrometer  screw  to  annual  motions  in  thousandths 
of  a  second  of  arc.  These  quantities,  m„  and  m^,  respectively,  were 
used  as  the  first  members  in  equations  of  condition  of  the  form: 

ma  =  a-{-bx-i-cy-{-dx''-\-exy-{-fy^+tXa       1  /  x 

ms  =  a'-^b'x+c'y-\-d'x'-{-e'xy+f'y'-\-fxsl 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  255. 
^  Lick  Observatory  Publications,  13,  34,  1918. 
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in  which  a  ....  f,  a'  ....  f  are  the  plate  constants,  x  and  y 
the  co-ordinates  in  right  ascension  and  declination,  and  jx^.  and  iXi 
the  annual  proper  motions.  By  a  least-squares  solution  the  plate 
constants  were  determined  from  two  sets  of  equations  of  the 
form  (i),  yielded  by  the  21  comparison  stars.  These  constants 
were  substituted  into  equations  of  the  form  (i)  for  all  objects 
measured,  thus  giving  ju^  and  ^5,  the  components  of  the  motion 
with  respect  to  the  mean  of  the  comparison  stars.  These  quanti- 
ties are  listed  in  the  fourth  and  fifth  columns  of  Table  I;  the 
second  and  third  columns  give  the  positions  with  respect  to  the 
center  of  the  nebula,  accurate  to  a  tenth  of  a  minute  of  arc. 

In  order  to  derive  the  internal  motions  of  the  nebula,  the  values 
of  /ia  and  Us  must  be  freed  from  the  motion  of  the  nebula  as  a  whole. 
The  same  procedure  was  used  as  for  M  ^,2)1  5ij  Si,  94,  loi,  and 
N.G.C.  2403. 

a)  The  mean  motion  of  the  98  points  is 

/ia  =  +o''oo5,    ix5=—o".oi^. 

b)  Combining  the  mean  motions  in  quadrants  I  and  III,  we 
have 

HaL  = -\-q".oo2^  ,     jj.s=—o".oi^; 

while  for  quadrants  II  and  IV 

Ma  =  +0'' 008,       M5=— 0''0I5. 

All  four  quadrants  combined  give 

Ma  =  +o''oo5,     M«=— o''oi5. 

c)  Using  only  the  80  points  closest  to  the  center,  which 
have  a  more  symmetrical  distribution,  we  find  for  quadrants  I 
and  III,  Ha=  +o''oo3,  ns=  — o''oi4S;  while  for  quadrants  II  and  IV, 
Ma=+o''oo5s,  fxs=  —o".oi4.  For  all  four  quadrants  /Xa= -|-o''oo4, 
)Ua=  —  o''oi4. 

For  the  motion  of  the  nebula  as  a  whole,  the  mean  result  from  the 
three  methods  is 

)Ua  =  +o!oo5,    /x«=— o''ois. 
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TABLE  I 

Co-ordinates  and  Measijeed  Annual  Displacements 


No. 


H 


a 
b 
c 
d 
e 
f 
g 
h 
i 

J 
k 
I 
m 
n 
0 
P 

q 

r. 

s 
t 
u 
I 

2. 

3 
4 
5 
6 

7- 
8 

9 
10 
II 
12 
13 
14 
15 
16 

17 
18 

19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 


-6. '3 
-6.2 

-2.9 
-2.7 

—  2. 1 
-7.0 

-4-3 
-6.2 

—  1 .0 

-0.5 
+0.8 

+  2.3 
+3-0 
+5-5 
+8.1 
+  7-0 
+  6.2 
+4.6 

+  3-2 

+  1-7 
+  1.0 

-3-4 
-3-2 
-2.7 
-2.4 

-2.3 
-2.3 

—  2.2 

—  2.1 

—  2.0 
-1.9 
-1.9 
-1.9 
-1.9 
-1.9 
-1.8 
-1.9 
-1.8 
-1.6 
-1.6 

-1-3 

—  1.2 

—  I.I 

—  I.I 

—  I.I 

—  i.o 

—  i.o 
-0.9 
-0.9 
-0.8 
-0.8 
-0.7 
-0.7 


+3 '2 
+  1.8 
+  2.4 

+3-1 
+  2.9 

-o.S 
-0.5 
-5-2 
-2.6 
-4.2 
-5-9 
-4-7 
-6.1 
-5-0 
-1.9 

+0.5 

+  2.1 

+3-3 

+4.3 

+3-0 

+3-5 

+0.5 

+0.6 

+0.6 

+  1.3. 

+  1-3 

+0.2 

—  o.  I 
-0.4 
+0.4 

+0.5 
+0.4 

+0.3 
-0-5 
-0.6 
-0.6 
+0.7 
+0.7 
—0.1 

—  0.1 
-0.8 

0.0 
-0.4 
-0.8 
+  1.1 
+0.1 
+0.7 
+0.7 

0.0 

—  o.  I 
0.0 
0.0 

+0.3 


+ 
+ 
+ 


+ 
+ 


+ 

+ 
+ 
+ 
+ 


+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 


+ 

+ 
+ 


0.000 

S 

10 
6 
6 

7 
o 

5 
2 

4 
I 
8 

3 

I 

3 
4 
3 
I 

5 
13 

3 
12 

19 
10 
36 

5 

I 

9 
I 

15 
13 
S 
II 
12 

13 
6 

4 
23 


+ 
+ 

+ 

+ 


3 
26 

2 
18 

4 
2 

I 


-       15 


+ 
+ 
+ 


+ 

+ 
+ 
+ 


+ 
+ 
+ 
+ 

+ 
+ 


+ 
+ 
+ 


+ 
+ 
+ 


S 

3 

26 

4 
9 
7 


5 
9 
17 
3 
3 
7 
a 

3 
6 

5 

4 

4 

7 

I 

10 

17 

3 

12 

5 

-  26 

-  3 
+  4 

-  13 

-  10 

-  5 

-  12 

-  3 


-       17 
+0.016 


4 

5 

2 

18 

14 
2 


-         6 

—0.002 
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No. 


f'S 


3i 

34 
35 
36 
37 
38 
39 
40 

41 
42 

43 
44 
45 
46 

47 
48 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68, 
69 
70 
71 
72 
73 
74 
75 
76 

77 
78 
79 
80 
81 
82 
83 
84 
85 
86 


-o.'7 
-0.6 
-0.4 
-0-3 
-0-3 
—0.2 
—0.2 
+0.2 
— o.  I 
+0.1 
0.0 
+0.1 
+0.3 
+0.2 
+0.4 
+0.5 
+O.S 
+0.6 
+0.6 
+0.6 
+0.7 
+0.7 
+0.6 
+0.7 
+0.7 
+0.9 
+0.9 
+  1.0 
+0.9 
+0.9 
+  1.0 
+  1.1 
+  1.2 
+  1-3 
+  1.4 
+  I.S 
+  1.6 
+  1.6 
+  1.8 

+  1.7 
+  1.8 
+  1.8 
+  1.8 

+  1.9 
+  2.0 
+  2.0 
+  2.1 
+  2.  2 
+  2.3 
+  2.4 
+  2.5 
+  2.4 
+  2.7 
+  2.8 


+  I.'2 

-o.S 

-0.7 

—0.2 

-0.4 
-0.8 

—  I.O 

-0.7 
+0.7 
+0.7 

—  I.I 

—  1.0 

-0.6 

-1.6 

—  1.0 

—  2.2 
-1.6 

-0.3 
-0.4 
-0.6 
-0.9 

+0.5 
+0.9 
+  1.0 
+0.8 
-i-S 
-1.5 
-1.5 
-0-3 
+0.1 
+0.2 
+0.5 
-1-3 
-0.5 
-0.4 
+0.3 
+0.2 
-0.9 

—  2. 1 
-1.4 
-0.4 
+0.1 
+0.3 
— o.  2 

-0-3 
+0.3 

—  I.I 

+0.5 
+  1.0 
+  1.0 
+  1.0 
-0.4 
+0.1 
+0.6 


+0^033 

-  I 

-  14 

-  6 


+ 


+ 
+ 


+ 


+ 
+ 
+ 
+ 


+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 


+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 


3 

IS 

6 

19 
6 

5 

17 
12 


19 
16 

5 
4 
IS 
5 
IS 
31 
20 

23 

4 
12 

I 

4 
21 

25 

26 

5 
2 
6 
36 
21 
10 
10 


IS 
21 
21 
4 
14 


24 

18 

6 


+ 


—0:01a 

-  II 

-  6 

-  13 


21 

17 

18 

I 

5 

27 
27 

17 
13 
26 
30 
16 

5 
20 

25 
27 
I 
22 
30 
24 
29 
19 
23 
30 
24 
24 
28 

33 
18 

17 

23 
27 

4 

30 

IS 
6 

39 
30 
27 
23 
28 

25 
15 


+   23 
+0.018 


-  28 

-  28 
—0.016 


jr^ 


aj    4> 


•  • 


/ 


®  . 


< 


<^ 


^ 


01 


S   5 


© 

z 

■5  *• 

o    II 

to— 

"   E 

H 

1   e 

O 

^ 

1.^ 

►J 

rt   ^ 

<; 

£  ^ 

-  • 

z 

Z.     3 

uJ 

0 

Z 

"2  -^ 

_J 

HH 

.2  -5 

< 

u 

D      O 

(n 

o 
'd 

f1  H 


®        •     "5 


o    i- 
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No. 


"« 


87 
88 
89 
90 

91 
92 

93 
94 
95 
96 

97 


+  2.' 

+3 

+3 

+3 

+3 

+3 

+3 

+3 

+3 

+5 

—  I 


-o.'6 
-0.8 

+  I.S 
-1.6 
-0.9 
-0.6 

-1-3 
-0.9 

+  1.5 
+0.9 

+3-9 
+0.7 


+0^027 

+ 
+ 


+ 

+ 
+ 
+ 
+ 


24 
5 
4 

26 
2 
3 


14 


+0.015 


—0.033 

-  29 

-  21 

-  27 

-  18 

-  28 

-  24 

-  24 

-  13 
23 

9 
0.004 


+ 


Subtracting  these  values  from  the  annual  motions  given  in 
Table  I,  we  derive  the  internal  motions,  which  are  given  in  the 
second  and  third  columns  of  Table  II.  These  motions  are  plotted  in 
Plate  11.  For  the  comparison  stars,  which  are  surrounded  by  circles, 
the  motions  of  Table  I  are  used.  The  scale  of  the  motions  is  indi- 
cated in  the  lower  left-hand  corner.  The  arrows  represent  the 
motions  during  an  interval  of  about  1500  years.  From  the  results 
derived  for  the  spirals  previously  measured,  it  seems  that  the 
internal  motions  represent  a  motion  along  the  spiral  arms  and  out- 
ward.^ In  order  to  derive  the  stream  and  transverse  components 
of  the  motions  in  N.G.C.  5055,  we  must  take  into  account  the  fact 
that  this  nebula  is  much  incKned  to  the  plane  perpendicular  to 
the  line  of  sight. 

It  is  therefore  necessary  to  correct  the  motions  accordingly; 
in  order  to  do  this  Mr.  Sinclair  Smith  has  by  means  of  two  cyUndrical 
lenses  constructed  a  photograph  of  Plate  II,  showing  the  nebula  as 
a  circular  object,  which  it  presumably  is.  From  this  photograph 
have  been  read  the  stream  and  transverse  components  given  in  the 
fourth  and  fifth  columns  of  Table  II.  For  points  Nos.  89,  95,  96, 
and  97,  in  whose  neighborhood  the  streamers  could  not  be  traced, 
this  was  impossible  and  they  have  been  omitted  in  the  discussion. 
The  result  is:  mean  stream  motion,  +0 ''01 9  =1=0 ''001;  mean  trans- 


'  Mt.  Wilson  Contr.,  No.  243;  Astrophysical  Journal,  56,  208,  1922. 
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TABLE  II 

Annual  Internal  Motions 


No. 


I 

2 

3 
4 
5 
6 

7 
8 

9 

lO 

II 

12 

13 
14 
15 
i6 

17 
i8 

19 

20 
21 
22 

23 
24 

25 
26 

27 
28 

29 
30 
31 
32 

3,2, 
34 
35 
36 
37 
38 
39 
40 

41 
42 

43 
44 
45 
46 

47 
48 

49 
50 
51 
52 
53 


l^a 

H 

Stream 

Transverse 

— 0 

roi7 

+0 

^02  2 

+  0 

"042 

—  0 

roo4 

— 

24 

+ 

13 

+ 

28 

+ 

7 

+ 

5 

+ 

18 

+ 

38 

— 

2 

+ 

31 

+ 

21 

+ 

55 

— 

7 

0 

-r 

10 

+ 

20 

+ 

8 

— 

4 

+ 

II 

+ 

22 

+ 

I 

— 

14 

+ 

II 

+ 

22 

+ 

9 

— 

4 

+ 

8 

+ 

17 

— 

4 

+ 

10 

+ 

14 

+ 

30 

— 

3 

+ 

8 

+ 

25 

+ 

44 

— 

9 

0 

— 

2 

— 

5 

— 

I 

— 

16 

+ 

18 

+ 

26 

+ 

17 

— 

17 

+ 

3 

+ 

17 

+ 

7 

+ 

8 

+ 

20 

+ 

18 

— 

37 

— 

II 

— 

II 

— 

5 

+ 

24 

— 

I 

+ 

12 

+ 

16 

+ 

6 

+ 

18 

+ 

19 

+ 

41 

0 

— 

5 

+ 

2 

+ 

5 

+ 

3 

— 

13 

+ 

5 

+ 

13 

+ 

5 

— 

26 

+ 

10 

+ 

30 

+ 

3 

— 

4 

+ 

3 

+ 

8 

+ 

3 

— 

4 

+ 

12 

+ 

14 

— 

15 

— 

8 

+ 

13 

+ 

14 

— 

19 

+ 

21 

+ 

19 

+ 

42 

+ 

19 

— 

7 

+ 

20 

+ 

36 

0 

+ 

13 

+ 

17 

+ 

33 

+ 

8 

— 

9 

— 

3 

— 

13 

+ 

I 

— 

7 

+ 

I 

+ 

3 

+ 

7 

— 

6 

+ 

13 

+ 

24 

— 

2 

— 

13 

+ 

7 

+ 

18 

+ 

8 

— 

22 

+ 

9 

+ 

14 

+ 

20 

+ 

II 

+ 

13 

+ 

27 

+ 

4 

+ 

28 

+ 

3 

+ 

30 

— 

2 

— 

6 

+ 

4 

+ 

6 

— 

5 

— 

19 

+ 

9 

+ 

18 

— 

12 

— 

II 

+ 

2 

+ 

II 

+ 

2 

— 

23 

+ 

5 

+ 

24 

— 

I 

— 

2 

— 

7 

+ 

7 

+ 

12 

— 

20 

— 

6 

+ 

20 

+ 

12 

— 

II 

— 

2 

+ 

23 

+ 

3 

+ 

14 

— 

3 

+ 

14 

— 

5 

+ 

I 

+ 

16 

+ 

I 

+ 

32 

— 

10 

+ 

10 

+ 

9 

— 

16 

— 

22 

— 

12 

+ 

25 

+ 

16 

— 

17 

— 

12 

+ 

22 

+ 

22 

— 

13 

— 

2 

+ 

13 

+ 

6 

— 

16 

+ 

2 

+ 

16 

— 

4 

— 

24 

— 

II 

+ 

23 

+ 

24 

— 

21 

— 

15 

+ 

26 

+ 

27 

— 

10 

— 

I 

+ 

9 

— 

5 

— 

I 

+ 

10 

— 

16 

— 

8 

— 

20 

— 

5 

+ 

25 

+ 

3 

—  0 

.010 

—  0 

.010 

+0 

019 

+  0 

015 
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No. 


"5 


Stream 


Transverse 


54 
55 
56 
57 
58 
59 
60 
61 
62 

63 
64 
6S 
66 
67 
68 
69 
70 

71 

72, 

73 
74. 
75 
76, 

77. 
78. 

79. 
80, 
81. 
82. 

83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93- 
94- 
95- 
96. 

97- 


+o''oio 


+ 
+ 
+ 


+ 
+ 
•+ 


+ 
+ 
+ 


+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 


+ 


+ 
+ 
+ 


26 

15 
18 

9 
17 

4 

I 

16 


31 
16 

15 


6 

6 

10 

16 

16 

9 

9 

17 

5 

43 

19 

13 

II 

18 

13 

22 

19 


9 
21 

7 
2 

3 

13 

9 

-    5 
+0.010 


+ 


+ 


+ 


0.012 
14 

7 
15 

9 
14 

4 


9 

9 

13 

18 


7 
12 
II 

15 
o 

9 

24 
15 


13 
10 
o 
"3 
13 
13 


14 
6 
12 
3 
13 
9 
9 
2 

-  8 
+  24 
+0.011 


+ 


+ofoi8 
+   17 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


+ 
+ 
+ 

+ 
+ 


17 
31 
13 
25 
6 
16 
24 
18 

23 
21 

31 

32 

16 

6 

20 
22 
12 
27 
o 
3 
41 
30 
19 
25 
15 
45 
18 

15 
22 
26 
II 
31 
24 


22 
3 


17 
9 


—  0.012 
+   34 

-  5 


+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 
+ 
+ 


18 
23 

5 

I 
16 
15 

5 

19 
14 

7 
27 

15 

5 

19 

16 


19 
16 


5 

15 
I 

7 


+  8 

+  9 

+  17 

+  18 


+  8 

+  21 

—  II 

+  I 

+  4 


+0.023 


verse  motion,  +o''oo4=to!ooi.     The  change  in  these  components 
with  distance  (r)  from  the  center  is  given  in  Table  III. 

These  results  are  analogous  to  those  found  for  ]\I  33,  51,  81,  94, 
loi,  and  N.G.C.  2403.     Since  N.G.C.  5055  has  many  nearly  star- 
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like  points  and  the  quality  of  the  plates  is  very  good,  and  since  the 
interval  between  the  photographs  is  longer  than  for  any  of  the  other 


TABLE  III 


O-I 
1-2. 

2-3- 
3-4- 
4-5. 


Stream 


+o'oi6 

+0.018 
+0.020 
+0.022 
+0.021 


Transverse 


+0^004 
+0.005 
+0.002 
+0.006 
+0.015 


II 
36 
32 
12 

3 


spirals  measured  on  plates  taken  with  the  60-inch  reflector,  the  results 
give  a  strong  corroboration  of  the  internal  motions  in  these  objects. 

Mount  Wilson  Observatory 
October  1922 


A  PARTIAI.  EXPLANATION,  BY  WAVE-LENGTHS, 
OF  THE  K-TERM  IN  THE  B-TYPES.     II 

By  SEBASTIAN  ALBRECHT 

ABSTRACT 

K-term  of  radial  velocity  for  Class  B  stars. — In  a  way  similar  to  that  in  which  the 
K-term  had  previously  been  found  to  be  in  part  due  to  erroneous  normal  wave-lengths 
for  the  oxygen  and  nitrogen  lines,  it  is  shown  to  be  also  in  part  due  to  erroneous  normal 
wave-lengths  for  the  silicon  lines  4552,  4567,  and  4575  and  for  the  helium  blend  4713. 
On  the  basis  of  new  wave-lengths  for  oxygen  and  nitrogen,  silicon,  and  helium  4713, 
the  total  reduction  in  the  K-term  would  amount  to  about  2  km  for  classes  Bo  to  B2, 
I  km  for  B3,  and  0.3  km  for  B5  to  B8. 

Fundamental  radial  velocities  in  Class  B. — A  discussion  of  the  causes  or  reality  of 
the  K-term  involves  first  of  all  a  discussion  of  fimdamental  radial  velocities.  Radial 
velocities  of  the  Class  B  stars  contain  the  inherent  weakness  that  some  of  the  lines 
which  were  most  extensively  employed  are  double,  with  unequal  components,  and 
therefore  not  suited  for  fundamental  work.  For  such  work  the  single  lines,  principally 
those  of  oxygen,  nitrogen,  and  silicon,  will  have  to  be  relied  upon,  and  these  require, 
as  a  preliminary,  additional  laboratory  study. 

No  one  realizes  better  than  the  radial  velocity  observer  himself 
the  misleading  nature  of  the  precision  attained  in  radial  velocities 
as  derived  from  the  internal  agreement  in  the  determinations.  A 
precision  of  a  tenth  of  a  kilometer,  in  the  absolute  sense,  is  illusory. 
In  a  note  in  the  Astrophysical  Journal  in  19 10  Professor  Frost  raised 
the  question  as  to  whether  we  really  know  the  radial  velocity  of  any 
star  in  the  heavens  to  the  nearest  kilometer.  In  view  of  the  great 
advances  in  this  line  of  work  made  at  the  Lick,  Yerkes,  and  other 
observatories,  the  above  statement  seemed  ultra-conservative. 
However,  we  now  know  of  large  systematic  errors  pervading  all 
radial  velocities,  amounting  in  classes  B  and  M  to  four  times  the 
limit  of  I  km  postulated  by  Frost. 

The  origin  of  these  systematic  errors,  now  commonly  known  as 
the  K-term,  is  not  well  understood,  though  various  possible  causes, 
including  the  Einstein  effect,  have  been  proposed.  It  has  been 
shown^  that  they  are  at  least  in  part  due  to  inaccuracies  in  the 
laboratory  values  of  the  wave-lengths  which  were  employed. 
Recent  laboratory  wave-lengths  for  twenty  oxygen  and  nitrogen 
lines  occurring  in  B-type  stars,  are  systematically  0.063  A  longer 
than   the   adopted   normals.     This   corresponds   to   a   change   of 

^  Astrophysical  Journal,  55,  361,  1922. 
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—4.2  km  per  second  in  the  radial  velocities  derived  from  them.  A 
discussion  of  the  available  portions  of  the  data  on  which  the  K- 
term  is  based,  indicated  that  the  new  wave-lengths  for  this  one 
group  of  lines  alone  would  reduce  the  K-term  by  about  0.3  km  for 
the  entire  B  class  and  by  about  0.8  km  for  classes  Bo  to  B2. 

Besides  showing  that  an  additional  portion  of  the  K-term  is  due 
to  inaccurate  normal  wave-lengths,  I  wish  to  point  out  what  seems, 
at  least  for  the  present,  a  more  or  less  inherent  weakness  in  the 
radial  velocities  of  the  B-types  and  to  emphasize  especially  the 
need  of  further  laboratory  study  of  the  lines  employed. 

For  the  silicon  and  helium  lines  new  laboratory  wave-lengths 
are  available.     Table  I  gives  the  recent  and  the  more  important  of 

TABLE  I 

Laboratory  Wave-Lengths  of  Silicon  and  Corresponding  Changes 
IN  THE  Radial  Velocities 


EXNER  &  HaSCHEK* 

(Used  by  F.  &  A-) 

Frost  &  Brown  t 

CrookesI 
(Nearly  Pure  Si) 

S.\WYER  &  PaTON§ 

(Vacuum  Spark) 

\ 

Change 
in  v^ 

X 

Change 
in  v^ 

X 

Change 
in  v^ 

X 

(Accuracy 

O.I±) 

Change 
in  v^ 

4552-75 
4567-95 
4574-9 

km 
0 
0 
0 

4552-64 
4567.90 

4574-79 

km 
+  7-2 

+3-3 

+  7-2 

4552-841 
4568.123 
4574-823 

km 
-    6.0 
-II. 4 
+    5-0 

4552-74 
4567-82 
4574-81 

km 
+0.7 
+  8-5 
+  5-9 

0 

+5-9 

-    4.1 

+S.O 

*  Astrophysical  Journal,  12,  4g,  igoo. 
t  Ibid.,  22,  159,  1905. 


t  Proceedings  of  the  Royal  Society,  A,  90,  512,  1914. 
§  Physical  Review,  19,  256,  1922. 


the  earlier  laboratory  wave-lengths  of  silicon.  Sawyer  and  Paton 
claim  an  accuracy  of  only  about  o.i  A,  which  is  insufficient  for  our 
purposes.  Crookes,  emphasizing  the  necessity  of  employing  samples 
of  silicon  of  the  highest  purity,  aimed  to  attain  a  high  accuracy. 
If  we  apply  the  wave-lengths  of  Crookes — with  the  reservation  that 
these  results  are  not  final,  as  will  be  shown  below — to  the  available 
radial  velocity  data'  we  obtain  the  changes  shown  in  the  columns 
"Si  (Crookes)  "in  Table  II. 

For  helium,  only  the  lines  at  4713   are  appreciably  changed 
in    wave-length.     Merrill's^    values,    reduced     to     the    Rowland 

^Publications  of  the  Yerkes  Observatory,  2,  143,  1904. 
'Bureau  of  Standards  Bulletin,  14,  162,  1917. 
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system/  are  4713.325,  intensity  3,  and  4713.548,  intensity  i.  Com- 
bined in  the  usual  manner  according  to  intensities  the  blend  (.381)  is 
0.073  -^  longer  than  the  normal  value  which  was  employed.  Radial 
velocities  obtained  from  this  line  are  thus  changed  systematically 
by  —4.6  km  per  second.  The  actual  changes  in  stellar  radial 
velocities  are  illustrated  in  the  columns  "4713  (Merrill) "  in  Table  11. 

TABLE  II 

Changes  ix  Radial  Velocity  Due  to  New  Wave-Lengths  and 
Weighted  Percentages  of  Lines  Affected. 
Measures  by  Frost  and  Adams 


TWE 

0.  &  N.  (Clark) 

Si  (Crookes) 

4713  (Merrill) 

Total 

Star 

Change 
in  Radial 
Velocity 

Percent 
of  Lines 

Change 
in   Radial 
\'elocity 

Percent 
of  Lines 

Change 
in   Radial 
Velocity 

Percent 
of  Lines 

Change 
in   Radial 
Velocity 

Percent 
of  Lines 

eOri 

f  Ori 

kOx\ 

f  Per 

^CMa 

€  CMa 

7  Peg 

r  Cas 

7  Ori 

102  Her 

I  Her 

JjLyr 

e  Cas 

r  Her 

r  Dra 

67  Oph 

«  Del 

/3  0ri 

XCrv 

B 

B 

B 

Bi 

Bi 

Bi 

B2 

B2 

B2 

B2 

B3 

B3 

B5 

B5 

B5 

B5 

B5 

B8 

B8 

km 

—  0.  I 

—  0.2 

—  0.2 
-0.7 

—  I.O 

-0.7 

—0.2 

—  0. 1 

-0.4 

0.0 
0.0 

—  0. 1 

0.0 

4 
II 
14 

32 
43 
32 
20 

7 
II 

5 
0 
I 
0 
0 

4 
0 
6 
0 
0 

km 

—  I.I 

-I's' 

-1.8 

—  2.1 
-1.9 

—  2.0 
-1.6 
— 1 .7 

—  2.0 

—  I .  I 
-0.6 

-0.9 

—  0.  2 

13 

0 

26 

28 
26 

20 

30 
16 

8 
0 
0 
0 
18 
0 
2 
0 

km 
-0-5 

—  0.2 

—  0.0 
.  —0.  I 

—  0.2 

-0.5 

-03 

—  O.I 

II 
0 
0 

4 
0 
0 

I 
2 

5 
0 
10 
0 
0 
0 
0 

7 
0 

3 
0 

km 
-1.7 

—  0.2 

—  2.0 

-2.7 

-31 
-2.6 

—  2.2 
-1.8 

-2.3 

—  2.0 

-1.6 
-0.6 

—  0.1 

—  1.2 
0.0 

-0-3 

28 
II 
40 
69 
76 
65 
49 
35 
36 
35 
26 

9 
0 
0 

4 

25 

6 

5 
0 

The  total  changes  in  the  radial  velocities,  due  to  the  new  wave- 
lengths of  oxygen  and  nitrogen,  silicon,  and  4713  are  given  in  the 
second  last  column  of  Table  II.  If  these  wave-lengths  prove  to 
be  essentially  correct  systematically,  they  will  eliminate  actually 
about  one-half  of  the  K-term  in  classes  Bo  to  B3,  and  less  in  classes 
B5  to  B8. 

The  laboratory  results  for  silicon  are  not  at  all  satisfactory. 
They  differ  widely  from  each  other,  both  systematically  and  inter- 

'  The  curve  in  Astrophysical  Journal,  41,  347,  1915,  is  satisfactory  for  present 
purposes. 
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nally.  Table  III  gives  a  comparison  of  the  laboratory  wave-lengths 
(see  Table  I)  with  the  corresponding  stellar  wave-lengths.  As  the 
systematic  error  of  the  latter  cannot  at  present  be  safely  approxi- 
mated, this  comparison  is  not  competent  to  furnish  a  decision  in 
regard  to  the  absolute  systematic  errors  of  the  different  laboratory 
results.  The  third  items  in  column  i  of  Table  III  constitute  the 
systematic  adjustments  of  the  individual  sets  of  laboratory  wave- 
lengths to  the  observed  stellar  wave-lengths,  and  thus  readily  yield 
the  mutual  systematic  laboratory  discordances.  The  total  range 
of  0.153  A  is  equivalent  to  a  systematic  difference  of  10  km  per  sec- 
ond in  radial  velocity.  In  so  far  as  the  stellar  wave-lengths  may 
serve  as  a  guide,  the  wave-lengths  of  Exner  and  Haschek  have 

TABLE  III 

Showing  the  Internal  Agreement  of  the  Laboratory  Wave-Lengths 
OF  Silicon  with  the  Wave-Lengths  in  Stars 


^Laboratory-^Stars-Syst-  Dif. 

4552.762* 

5467.967* 

4574-QI8* 

-I-.004 
—  0.16 
+  .032 
-t-.oyo 

—  .001 

+  ■039 
+  .109 

-■05s 

—  .002 

^Frost  and  Brown     ~  ^Stars+  •  ^°6 

^Crookes                     ~^Stars~-°47 

^Sawyer  and  Paton   ~^Stars+  •°92 

—  .022 
-.142 

—  .016 

*  These  are  the  observed  wave-lengths  in  stars.  Publications  of  the  Astronomical  and  Astrophysical 
Society  of  America,  2,  72,  ign. 

apparently  exceedingly  small  accidental  errors.  This  is,  however, 
largely  fortuitous  as  Exner  and  Haschek  published  their  wave- 
lengths to  only  the  nearest  .tenth  or  hundredth  of  an  angstrom. 
The  accidental  errors  for  the  measures  of  Frost  and  Brown  appear 
to  be  moderate,  while  for  the  measures  of  Sawyer  and  Paton  and 
especially  of  Crookes  they  seem  to  be  large. 

The  lines  which  are  available  in  Class  B  stars  in  the  region  of 
spectrum  generally  employed  with  three  prisms  are  given  in 
Table  IV.  It  will  be  noticed  that  of  the  lines  which  were  most 
extensively  employed,  the  carbon  Hne  4267,  magnesium  4481,  and 
the  helium  lines  4472  and  4713  are  double  with  unequal  components, 
and  therefore  not  suited  for  primary  radial  velocity  work.  H7  also 
is  not  entirely  satisfactory.  For  the  helium  line  4438  results  in 
stars  are  somewhat  erratic.  For  silicon  the  laboratory  wave- 
lengths are  erratic  and  mutually  discordant.     Except  for  the  heUum 
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line  4388,  the  oxygen  and  nitrogen  lines  alone  seem  free  from  serious 
objection,  and  these  would  give  practically  no  K-term. 

Speculation  on  the  probable  causes  of  the  K-term  cannot  be 
profitable  so  long  as  we  have  not  eliminated  the  possibility  that  this 
term  has  been  artificially  introduced  by  the  use  of  erroneous  normal 
wave-lengths.  In  other  words  the  reality  of  the  K-term  is  insepa- 
rably connected  with  the  problem  of  determining  fundamental 

TABLE  IV 
Lines  in  B-type  Stars 


Carbon 

Hydrogen 

Magnesium 

Helium 

Silicon 
(Crookes) 

O.xygen  and 
Nitrogen 
(Clark) 

Metallic 

Lines  and 

Blends 

4267.301 

4340.634 

(4352.083) 

4388 . 100 

4552.841 

4317-327 

Measur- 

Double: 

Double; 

Rarely 

in  ten.  3 

4568.123 

19.814 

able    only 

separation 

separation 

measured 

4574  823 

45-738 

in  late 

0.26  A; 

0.012  A 

in  stars 

4437-718 

Lab.  val- 

48. 246 

B-types 

intensities 

in  lab. 

in  ten.  i. 

ues  are 

49.602 

I  and  2 

spectrum. 

4481.400 

Results 

erratic. 

51-443 

Intensities 

Double; 

in  stars 

Suscept- 

67.074 

7  and  10. 

Fowler 

erratic 

ible  to 

4415-057 

Also,  enh. 

gives: 

slight  _ 

17-143 

Bismuth 

.297     2 

4471-676 

impuri- 

4447 -  205 

at  0.7 

■495     I 

Double; 

ties. 

4591-158 

Blended 

separation 

Spark 

96-365 

according 

0.21  A; 

terminals 

4621.582 

to  intensi- 

inten. 6 

oxidize 

30.729 

ties,  .363 

and  I 

4713-308 
Double; 
separation 
0.22  A; 
inten.  3 
and  i; 
Bureau  of 
Standards 
blend  is 
0.381 

rapidly 

in  air. 

Further 

laboratory 

study 

required 

39-043 
42 . 006 

49-327 

51-032 

61.829 

4676.426 

radial  velocities.  Table  IV  brings  out  well  the  seemingly  inherent 
difficulties  and  the  urgent  need  for  additional  laboratory  study  to 
make  possible  determinations  of  fundamental  radial  velocity  for  the 
Class  B  stars.  As  is  well  known,  blends  of  unequal  components  are 
subject  to  apparent  shifts  depending  upon  the  quality  of  the 
spectrograms.  For  a  few  of  the  brighter  stars  the  double  lines  of 
carbon,  magnesium,  and  helium  can  probably  be  resolved  and  the 
individual  components  employed  by  the  use  of  sufficiently  high 
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dispersion.  It  would  be  possible  to  determine  empirically  for  each 
spectrograph,  by  means  of  laboratory  and  stellar  spectra  of  the  same 
and  higher  dispersion,  close  approximations  to  the  true  normal 
wave-lengths  of  the  blends  for  each  of  several  standard  conditions 
of  intensity,  contrast,  and  grain  of  the  individual  regions  on  the 
spectrograms.  Although  such  methods  give  promise  of  improving 
our  radial  velocities  in  a  systematic  sense,  they  can  give  only  an 
approximation  to  really  fundamental  results.  Possible  differences 
in  the  relative  intensities  of  the  components,  from  star  to  star  or 
from  type  to  t}^e,  would  produce  apparent  shifts  of  the  blends  and 
thus  introduce  systematic  errors  in  the  radial  velocities.  For 
fundamental  results  the  principal  reliance  must  apparently  be 
placed  on  the  single  lines,  those  of  oxygen  and  nitrogen,  of  silicon — 
when  the  laboratory  discordances  shall  have  been  removed — of  the 
helium  line  4388  (and  perhaps  4437),  and  of  the  metals  when  avail- 
able. On  account  of  its  unusual  importance  in  these  spectra,  it  is 
to  be  hoped  that  the  use  of  H7  may  also  prove  feasible.  Although 
this  line  is  double,  the  separation  of  the  components  is  only  about 
0.012  A,  and  the  enhanced  bismuth  companion  may  be  absent  or 
inappreciable  in  types  B5  and  earlier. 

For  purposes  of  fundamental  radial  velocities  it  is  highly  desir- 
able to  have  at  least  one,  and  preferably  two,  additional  laboratory 
determinations  of  wave-length  for  the  oxygen  and  nitrogen  lines. 
More  urgent,  however,  is  the  thorough  study  of  the  spectrum  of 
silicon  in  order  that  the  large  systematic  and  internal  discordances 
may  be  removed.  The  large  relative  discordances  between  the 
individual  lines  in  the  laboratory  determinations  are  apparently 
not  duplicated  in  stellar  spectra,  the  internal  agreement  from  star 
to  star  and  from  type  to  type  being  fairly  good.  The  work  of 
Crookes  and  of  Sawyer  and  Paton  should  be  repeated  with  silicon 
of  high  purity  and  with  the  spark  terminals  in  air  and  in  a  vacuum. 
As  the  physical  conditions  in  the  stars  and  in  the  laboratory  spark 
are  probably  very  dissimilar,  it  would  be  well  to  vary  the  laboratory 
conditions  in  whatever  way  this  may  be  possible. 

Dudley  Observatory 

Albany  New  York 

November  1922 


Reviews 

Light,  A  Textbook  for  Students  Who  Have  Had  One  Year  of  Physics. 
By  H.  M.  Reese.  Columbia:  Missouri  Book  Company, 
192 1.     Pp.  295.     Figs.  139.     $3.50. 

Those  who  are  responsible  for  giving  the  second  courses  in  light  in 
the  universities  have  long  felt  the  need  for  a  more  suitable  text.  There 
are  many  books  available,  but  the  majority  present  far  too  much  material 
for  the  time  which  is  allowed.  The  English  texts,  particularly,  assume 
a  much  more  general  acquaintance  with  mathematics,  even  where  the 
calculus  is  expressly  excluded,  than  our  junior  students  commonly  possess. 
A  book  of  the  character  of  this  one  is,  therefore,  very  welcome.  In  some 
285  pages,  it  covers  all  the  ordinary  topics  in  sufficient  detail  so  that  the 
phenomena  become  familiar  and  are  fitted  into  their  places  in  the  theory. 

The  book  starts  with  a  chapter  on  the  measurement  of  the  velocity 
of  light,  where  the  well-known  experiments  are  covered  in  slightly  more 
detail  than  in  the  ordinary  sophomore  textbook.  It  is  to  be  regretted 
that  improvements  Michelson  introduced  in  the  Foucault-Fizeau  method 
are  not  described  even  in  principle,  in  spite  of  the  reviewer's  experience 
that  very  few  junior  students  have  understood  them  when  they  have  been 
presented. 

Chapter  ii  inverts  the  usual  order  to  consider  dispersion  by  a  prism 
before  discussing  deviation  in  any  detail.  This  is  for  the  purpose  of 
considering  color  phenomenon  in  a  general  way.  It  is  used  to  lead  into  a 
discussion  of  the  construction  and  theories  of  color  perception  of  the  eye. 
The  reason  for  thus  taking  the  eye  away  from  the  other  optical  instru- 
ments, and  color  away  from  considerations  of  wave-length,  is  apparently 
to  make  the  early  chapters  more  of  general,  diffuse  discussion  and  there- 
fore superficially  easier.  The  gains  seem  to  the  reviewer  to  be  somewhat 
doubtful. 

The  debate  on  "ether"  vs.  "space-properties"  is  handled  reasonably, 
but  it  would  seem  as  if  the  student's  energy  and  time  might  be  more 
profitably  employed,  since  the  discussion  is,  after  all,  so  barren.  The 
use  of  two  names  for  the  same  thing  only  invites  trouble  for  the  beginner. 
The  introduction  of  the  electro-magnetic  idea, early  in  this  discussion,  with 
frequent  reference  to  the  reaction  between  charges  and  such  wa\'es,  would 
prepare  the  student  for  what  of  explanation  there  is  in  the  modern  view. 

6.;; 
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The  subjects  of  formation  of  images  and  of  optical  instruments, 
generally,  are  treated  almost  entirely  by  the  use  of  wave-fronts  instead  of 
rays.  This  serves  the  very  desirable  purpose  of  keeping  before  the  reader 
the  fact  that  the  subject  being  discussed  is  wave-motion;  but  the  geom- 
etry is  not  so  simple,  and  in  the  complex  cases  the  figures,  at  least,  revert 
to  the  ray  construction.  Like  many  other  complementary  treatments, 
each  has  superior  elements  and  any  reasonably  full  discussion  has  to  make 
use  of  both.  There  is  also  no  doubt  that  here  the  emphasis  on  the  wave 
treatment  is  the  better  introduction.  The  treatment  in  this  whole  sec- 
tion is  not  so  complete  as  in  many  of  the  introductory  textbooks.  No 
suggestion  is  given  of  any  more  complete  treatment :  for  instance,  nodal 
points  or  nodal  planes  are  never  mentioned;  the  wave-front  argument 
neglects  the  optical  center,  which  is  not  mentioned;  the  geometrical 
construction  for  the  formation  of  images  is  used  in  some  of  the  figures, 
but  the  method  receives  no  consideration;  no  emphasis  is  placed  on  the 
exceedingly  approximate  character  of  such  formulae  as  are  given — the 
whole  tone  of  the  treatment  leaves  an  impression  of  finality,  so  that  not 
even  the  brightest  student  would  guess  that  whole  volumes  are  available  in 
which  the  present  treatment  is  relegated  to  the  scrap  pile.  One  bright. spot 
is  the  carrying  through  of  a  numerical  calculation  for  an  achromatic  lens. 

The  discussion  of  simple  diffraction  phenomena  leading  up  to  resolv- 
ing power,  of  simple  cases  of  interference,  of  the  formulation  and  applica- 
tion of  the  equations  of  simple  harmonic  motion,  and  of  polarization 
phenomena  is  much  more  adequate  than  the  earlier  chapters  and  is  clear 
and  direct.     It  errs,  if  at  all,  on  the  side  of  being  too  elementary. 

It  is  pleasant  to  find  the  electro-magnetic  theory  discussed  here  in 
place  of  the  elastic-solid  theory,  which  one  still  finds  in  some  semi- 
elementary  books.  The  discussion  is  suflicient  to  connect  the  electrical 
properties  and  light  properties.  X-rays  must  be  classified  now  as  electro- 
magnetic waves,  and,  as  such,  their  nearest  relative  is  what  has  been 
classed  loosely  as  light.  Optical  books  should  discuss  their  properties. 
The  discussion  here  is  adequate  for  the  purpose  as  it  revolves  about  the 
relation  of  X-rays  to  light.  • 

In  a  general  way,  there  is  here  but  little  more  intellectual  food  than 
in  many  of  the  fuller  texts  on  general  physics.  There  are  reasons  for 
not  desiring  to  use  a  general  text  for  a  special  course  on  one  of  its  sub- 
divisions. All  these  general  texts  contain  far  more  than  the  sophomore 
student  is  able  to  assimilate.  All  that  can  be  done  in  a  second  course  is 
to  present  the  same  material  in  a  little  different  dress,  with  some  slight 
extensions.     Mr.  Reese's  book  serves  this  purpose  excellentlv. 

J.  R.  Roebuck 
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REPORT  OF  THE  COMMITTEE  ON  STELLAR  CLASSIFICATION 
ADOPTED  BY  THE  INTERNATIONAL  ASTRONOMICAL 
UNION  AT  THE  MEETING  AT  ROME,  MAY  10,  1922' 

The  Committee^  on  Classification  of  Stellar  Spectra  finds  its  work 
greatly  simplified  by  the  fact  that  a  definite  plan  of  classification — the 
Harvard  System — has  already  been  adopted  by  international  agreement, 
and  has  been  used  in  extensive  works,  such  as  the  Henry  Draper  Cata- 
logue, which  will  be  of  value  for  a  long  time.  Its  duty,  therefore,  is 
not  to  make  radical  alterations  in  this  system,  such  as  changing  the 
significance  of  the  existing  letters,  or  substituting  numbers  for  them, 
but  to  suggest  such  modifications  and  extensions  of  the  existing  notation 
as  may  increase  its  usefulness  to  students  of  astrophysics. 

a)  With  increasing  knowledge  of  stellar  spectra,  it  is  desirable  to 
have  additional  symbols  which  may  be  used  to  designate  many  of  those 
characteristics  which  were  formerly  dismissed  as  "peculiarities."  The 
new  notation  may  in  some  cases  appear  complicated,  but  it  should  be 
remembered  that  its  use  is  permissive,  and  not  mandatory.  The  older 
notation  remains  complete  in  itself,  and  for  many  purposes  is  all  that 

'Reprinted,  by  permission,  from  Transactions  of  the  International  Astronomical 
Union,  I,  ig22.  London:  Imperial  College  Bookstall,  S.W.  7.  Pp.  247+viii.  Price, 
15  shillings. 

*  The  committee  consisted  of  W.  S.  Adams,  chairman,  Miss  Annie  J.  Cannon, 
Messrs.  R.  H.  Curtiss,  A.  Fowler,  A.  de  Gramont,  M.  Hamy,  H.  F.  Nevvall,  J.  S. 
Plaskett,  and  H.  N.  Russell.  Messrs.  N.  Bohr  and  M.  N.  Saha  were  added  to  the 
committee. 
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will  be  required,  while  the  new  makes  it  possible  to  compress  into  small 
compass  information  which  would  otherwise  require  voluminous  notes. 

b)  The  additional  distinctions,  like  the  original  classification,  are 
based  on  the  line  and  band  absorption  and  emission.  The  distribution 
of  intensity  on  the  continuous  background  is  of  great  importance;  but 
it  is  not  considered,  for  three  reasons:  (i)  It  is  already  known  that  the 
correlation  between  the  intensity  distribution  and  the  spectral  class  is 
so  far  from  perfect  that  two  practically  independent  symbols  are  required 
to  express  them.  (2)  All  instruments  record  the  line-spectrum  in  sub- 
stantially the  same  fashion — barring  the  effects  of  different  dispersion 
and  resolving  power.  This  is  not  the  case  for  the  intensity  of  the  back- 
ground, which  may  be  influenced  by  such  factors  as  absorption  in  the 
prisms.  Great  care  is,  therefore,  necessary  in  interpreting  the  results 
obtained  from  spectrograms.  (3)  This  distribution  is  intimately  related 
to  the  color  index  and  to  the  energy  distribution  in  the  spectrum.  The 
problem  involves  spectroscopy,  photometry,  and  the  measurement  of 
heat  radiation. 

c)  It  is  evidently  ultimately  desirable  that  each  spectral  class  should 
be  precisely  defined,  both  by  verbal  description  and  by  means  of  standard 
stars.  The  present  moment,  however,  does  not  appear  opportune  for 
doing  more  in  this  way  than  has  already  been  done  at  Harvard.  The 
exact  relation  of  some  of  the  more  unusual  classes  of  spectra  remain  to 
be  investigated.  Moreover,  the  recent  application  of  the  theory  of 
ionization  to  stellar  spectra  promises  a  greater  insight  into  the  physical 
meaning  of  the  spectral  lines.  There  is  good  reason  to  beHeve  that  the 
relative  intensities  of  lines  emitted  by  the  neutral  atoms  depend  almost 
exclusively  upon  the  temperature,  while  the  intensities  of  enhanced 
lines,  relative  to  those  of  the  former  groups,  will  vary  also  with  the 
pressure  or  density  of  the  star's  atmosphere.  It  seems,  therefore, 
desirable  to  postpone  the  precise  definition  of  the  characteristics  of  each 
spectral  class  until  the  relations  of  these  two  types  of  lines  to  the  tempera- 
tures and  absolute  magnitudes  of  the  star  have  been  further  considered. 

I.     GUIDING  PRINCIPLES 

a)  The  classification  should  describe  the  spectra,  not  the  stars;  that 
is,  it  should  be  based  solely  on  what  can  be  seen  in  the  spectrum  of  a 
given  star,  when  observed  at  a  suitable  time  and  with  appropriate 
instruments. 

b)  The  Draper  Classification,  or  "Harvard  System,"  which  has 
already  been  adopted  internationally,  should  be  the  basis  on  which  any 
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further  extensions  should  be  built.     Classiiication  on  other  and  different 
systems  should  be  abandoned  permanently. 

c)  Designations  at  present  forming  part  of  the  Draper  Classification 
should  either  be  retained  with  the  old  meaning  or  abandoned  entirely. 
No  attempt  should  be  made  to  retain  the  symbol  but  alter  the  meaning. 

d)  The  capital  letters,  B,  A,  F,  etc.,  standing  alone,  should  be  used 
to  describe  a  spectrum  only  in  those  cases,  when,  on  account  of  poor 
photographs  or  for  other  reasons,  nothing  more  than  the  general  character 
of  the  spectriun  can  be  determined. 

Similarly  B-A,  K-M  may  denote  spectra  which  lie  somewhere 
between  the  classes  mentioned  when  more  precise  specifications  cannot 
be  made. 

e)  In  cases  of  great  uncertainty,  Secchi's  t^pes  may  be  employed. 
These  may  be  characterized  briefly  as  follows: 

Harvard  Types 

Type  I.      Predominant  hydrogen  lines Oe,  B,  A,  F,  F5 

Type  II.    Prominent  metallic  lines F8,  G,  K,  K5 

Type  III.  Titanium  oxide  bands M 

Type  IV.   Carbon  bands N,  R 

Type  V.     Bright  Wolf-Rayet  lines Oa,  Ob,  Oc,  Od 

It  is  not  recommended  that  this  grouping  be  used  in  statistical  work 
on  account  of  the  extreme  heterogeneity  of  Type  I.  Stars  of  spectra 
Oe  to  B5  should,  in  any  case,  be  separated  from  the  other  stars  of  Tv^je  I. 

/)  The  decimal  system  of  classification  (G2,  etc.)  should  be  used  in 
all  cases  in  which  it  is  established  that  a  continuous  spectral  sequence 
exists.     Such  combinations  will  hereafter  be  called  the  "main  symbol." 

g)  The  present  notation  by  means  of  small  letters  appended  to  the 
capital  letter  (as  Oa)  should  be  retained  in  cases  in  which  it  has  not 
been  clearly  established  that  a  continuous  and  unique  sequence  exists. 

h)  The  terms  "early"  and  "late"  are  very  convenient.  It  is  well, 
however,  to  emphasize  that  they  denote  positions  early  or  late  in  the 
spectral  sequence  O — B — ^A — F — G — K — JNI,  without  any  necessary  con- 
nection whatever  with  an  early  or  late  stage  of  physical  evolution. 
The  terms  "hotter"  and  "cooler,"  "whiter"  or  "redder"  sometimes 
cover  the  same  characteristics,  but  describe  the  star  rather  than  the 
spectrum. 

i)  Composite  spectra  should  be  denoted  by  the  sign  +  connecting 
the  two  superposed  types  (as  K0+B9),  or  by  two  separate  lines  as  is 
done  in  the  Henry  Draper  Catalogue.  The  latter  is  convenient  for 
purposes  of  tabulation. 


68  THE  COMMITTEE  ON  STELLAR  CLASSIFICATION 

j)  The  spectra  of  variable  stars  should  normally  be  recorded  as  at 
maximum  brightness.  When  the  spectrum  varies  continuously,  as  in 
Cepheid  variables,  it  may  be  recorded,  for  example,  as  F7  to  G4;  when 
discontinuously  as  in  eclipsing  variables,  like  a  composite  spectrum, 

e.g.,  Ao+K  or  |  ^ 

k)  Additional  notation  should  be  devised  to  describe  as  many  as 
may  be  convenient  of  those  spectral  characteristics  which  are  known  to 
be  common  to  any  considerable  number  of  stars.  Such  notations  should 
be  simple  to  print,  and  convey  as  much  information  as  may  be  practicable 
in  a  small  compass. 

II.     SPECIFIC  EXAMPLES  OF  THESE  RULES 

I.e.  Although  the  evidence  of  color  index  suggests  strongly  that 
what  is  now  called  K5  is  really  much  nearer  to  M  than  to  K,  it  is  inad- 
missible to  change  the  designation  of  this  type  to  K8.  The  meaning 
of  the  symbols  in  the  existing  catalogues  must  be  preserved. 

Again,  the  notation  Md  has  been  found  to  include  cases  in  which 
the  "underlying  spectrum"  is  not  of  Class  M  at  all.  This  symbol  may, 
therefore,  advantageously  be  dropped. 

I./,  and  g.  (i)  Although  the  evidence  is  strong  that  Oe  and  Oe5 
represent  spectra  immediately  preceding  Bo,  the  spectral  sequence  in 
Classes  Oa  to  Od  is  not  yet  certainly  worked  out.  Hence  it  seems 
desirable  to  retain  for  the  present  the  existing  notation  for  all  these 
classes. 

(ii)  Again,  Ma,  Mb,  and  Mc  clearly  form  a  sequence,  running  on 
continuously  from  K5.  It  is  suggested  that  they  be  called  in  future 
Mo,  M3,  and  M8,  the  second  interval  on  the  decimal  classification  being 
taken  wider  than  the  other,  because  it  appears  to  correspond  to  a  greater 
difference  in  the  spectra. 

(iii)  Similarly,  Na  and  Nb  may  be  called  in  future  No  and  N3.  The 
relations  of  the  very  red  stars  called  Nc  by  Miss  Cannon  are  not  yet 
clear  enough  to  justify  giving  their  spectra  a  decimal  notation. 

Spectra  intermediate  between  K  and  R  (should  such  occur)  will 
have  to  be  called  K5R. 

(iv)  The  question  of  the  notation  for  the  spectra  of  gaseous  nebulae 
should  be  deferred  until  further  investigations  have  been  made.  Atten- 
tion should  be  called,  however,  to  the  strong  desirability  of  classify- 
ing the  spectra  of  the  nebula  and  the  nucleus  separately  whenever 
possible. 
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III.    NEW  SPECTR.\L  CLASSES 
a)    Novae 

It  seems  very  desirable  to  have  some  less  cumbersome  description 
than  at  present  of  the  successive  stages  through  which  the  spectrum  of  a 
Nova  ordinarily  passes.  The  letter  Q  has  been  used  for  spectra  of  this 
type  (Harvard  Annals,  28)  and  should  be  retained.  In  view  of  the 
uncertainties  of  progression  in  sequence,  the  differences  between  various 
novae  and  the  intermingling  of  spectral  characteristics,  the  decimal 
notation  cannot  at  present  be  used.  The  following  quite  provisional 
system  of  notation  is  suggested,  not  for  immediate  use,  but  as  a  basis 
of  discussion,  in  the  anticipation  that  it  will  be  revised  and  improved 
in  the  future.  The  use  of  the  letter  "e"  to  indicate  the  presence  of 
bright  lines  in  other  classes  of  spectra  precludes  its  use  in  this  connection. 
Bright  bands  due  to  hydrogen  appear  always  to  be  present,  except  in 
Class  Qz,  and  are  not  referred  to  specifically. 

Qa  Absorption  spectrum  of  faint  lines.  Bright  bands  incon- 
spicuous. 

Qb  Absorption  spectrum  of  stronger  lines,  mainly  enhanced  metallic, 
many  of  which  are  double.     Bright  bands  stronger. 

Qc  Absorption  spectrum  of  enhanced  lines,  ox^^gen,  nitrogen,  helium 
and  associated  elements.     Bright  lines  of  all  of  these  elements. 

Qu  Broad  nebulous  emission  bands  near  3480,  4515,  and  4640A, 
accompanied  at  times  by  one  at  4379A.  The  spectrum  appears  usually 
to  occur  in  conjunction  with  other  t}'pical  forms  which  it  may  modify 
through  the  extinction  of  some  of  their  characteristic  radiations,  par- 
ticularly 3445  and  4686A. 

Qx  Bright  bands  due  to  enhanced  lings,  oxygen,  nitrogen,  and 
helium.    Absorption  lines  faint. 

Qy    Bright  nebular  bands  in  addition  to  preceding. 

Qz    Bright  nebular  bands.     Weak  Wolf-Rayet  bands. 

The  stage  in  which  Wolf-Rayet  bands  are  strong  in  addition  to  the 
nebular  bands  may  be  indicated  by  QZ5O.     (Capital  letter  O.) 

Combinations  of  any  of  these  spectra  may  be  indicated  by  combina- 
tions of  the  letters.  Thus  Qbc  would  indicate  that  spectrum  Qb  was 
more  prominent  than  Qc,  and  Qcb  would  show  the  reverse. 

b)    A  New  Class  of  Red  Stars 

Miss  Cannon  has  found  that  a  number  of  long-period  variables  and 
some  other  red  stars,  such  as  tti  Gruis,  R  Cygni,  and  R  Andromedae, 
have  underlying  spectra  which  are  similar  to  one  another,  but  do  not 
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resemble  Class  M,  and  Dr.  Merrill  has  shown  from  slit  spectrograms 
that  they  do  not  resemble  Classes  R  or  N.  Their  spectrum  in  the 
region  X  4500  to  X  4700  is  of  a  most  complicated  nature,  and  appears 
to  consist  of  both  absorption  and  emission  lines,  with  absorption  bands 
present  at  about  X  4650  and  X  6470.  Most  of  the  stars  belonging  to 
this  type  are  long-period  variables,  and  show  bright  hydrogen  lines. 
The  type  may  represent  a  third  branch  of  the  main  spectral  sequence, 
cognate  with  the  K5-M  and  R-N  branches.  The  letter  S  is  suggested 
for  this  type. 

IV.     NOTATION  FOR  PECULIARITIES 
a)     Characteristics  Connected  with  Absolute  Magnitude 

When  observations  of  sufficient  delicacy  have  been  made,  the 
spectroscopic  absolute  magnitude,  upon  the  Mount  Wilson  system,  pro- 
vides a  detailed  description  of  these  peculiarities.  The  more  conspicuous 
differences,  however,  which  can  be  detected  upon  inspection  by  an 
observer  once  familiar  with  them,  suffice  to  divide  the  spectra  into  three 
groups.  These  may  be  denoted  by  small  letters  placed  before  the  main 
symbol.    They  are  defined  as  follows: 

I.     Very  Bright  Stars 

All  lines  normally  are  narrow  and  sharp.  In  spectra  later  than  Ao, 
the  hydrogen  lines  are  abnormally  strong  for  the  general  spectral  type. 
So  also  are  the  enhanced  lines.  X  4227  Ca  is  abnormally  weak  compared 
with  H7  or  X  4215  Sr-\-.^ 

This  set  of  characteristics,  which  is  very  conspicuous,  is  shown  by 
Miss  Maury's  "c-stars,"  by  the  Cepheid  variables,  the  stars  called 
"pseudo-Cepheids"  by  Adams  and  Joy,  and  by  practically  all  other 
stars  of  exceptionally  great  luminosity  including  some  cases,  like  f  ^  Scorpii 
and  /3  Orionis,  of  type  B. 

It  is  suggested  that  these  be  denoted  by  the  prefix  c  and  be  called 
"c-stars,"  leaving  the  term  Cepheids  for  variables. 

2.     Bright  Stars 

In  these  spectra  the  enhanced  lines  are  fairly  strong.  X  4227  has  a 
moderate  intensity  for  the  spectral  type.  The  low-temperature  lines, 
such  as  XX  4435  Ca,  and  4454  Co,  are  relatively  weak.  The  hydrogen 
lines  are  strong. 

In  class  F,  XX  4077  Sr-{-,  4215  Sr-\-,  4290  ri+  are  strong. 

'  The  sign  "  -f  "  following  a  chemical  symbol  indicates  that  the  line  in  question 
is  an  enhanced  line,  originating  in  ionized  (positively  charged)  atoms. 
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In  classes  G,  K,  and  M,  XX  4077  and  4215  are  strong. 
These  are  ordinary  giant  stars,  and  their  spectra  may  be  denoted  by 
the  prefix  g. 

3.     Faint  Stars 

In  these  spectra  X  4227  is  strong  for  the  class,  and  XX  4435,  4454  Ca 
and  4535  Ti  are  strong.    The  enhanced  lines  are  weak. 

In  Class  F,  XX  4077,  4215  and  4290  are  weak. 

In  Class  M,  X  4607  Sr  is  relatively  strong,  the  hydrogen  lines  are  weak. 

These  spectra  may  be  denoted  by  the  prefix  d  (dwarf  stars). 

For  spectra  earlier  than  Bo  these  differences  disappear,  so  far  as  is 
known,  all  the  stars  being  bright.  The  difference  between  ordinary 
giant  and  dwarf  stars  does  not  become  prominent  until  spectra  later 
than  Fo  are  reached.  The  prefix  c,  therefore,  will  not  at  present  be 
used  with  spectra  earlier  than  Bo,  or  g  and  d  with  spectra  earlier  than  Fo. 

In  the  selection  of  standard  or  typical  spectra,  it  is  recommended 
that  the  fundamental  types  shall  be  giant  stars,  preferably  of  absolute 
magnitude  about  o  or  +1  (except  in  Class  B,  where  they  must  necessarily 
be  brighter).  Stars  showing  either  the  c-star  or  dwarf  characteristics 
should  be  selected  as  auxiliary  standards. 

There  is  additional  reason  for  this,  because  in  the  classification  of 
the  spectra  of  dwarf  stars  developed  at  Mount  Wilson,  the  decimal 
subdivisions  are  of  much  less  unequal  value  than  in  the  Harvard  classifica- 
tion for  giant  stars.  A  dwarf  K5  is  much  more  nearly  midway  between 
Ko  and  Mo  than  a  giant  K5.  It  may  be  remarked  incidentally  that  in 
plotting  the  physical  data,  it  is  well  to  plot  K2  and  K5  for  giant  stars 
as  if  they  were  K5  and  K8,  respectively.  This  should  not,  however,  be 
done  in  the  case  of  the  dwarfs. 

h)  Width  of  Lines 
Exceptionally  narrow  lines  usually  appear  to  be  associated  with  the 
"c"  peculiarity,  and  are  already  accounted  for.  Spectra  showing  all 
the  lines  unusually  wide  or  diffuse  on  good  plates  may  be  denoted  by 
"n,"  following  Rowland's  designation  for  diffuse  (nebulous)  lines  in  the 
solar  spectrum.  Similarly  the  letter  "s"  may  be  used  to  qualify  spectra 
in  which  the  lines  are  sharp,  but  in  which  the  "c"  characteristics  (such 
as  abnormally  strong  hydrogen  and  enhanced  lines)  are  not  present. 

c)     Double  Lines 
Spectra  in  which  the  lines  are  double  rather  than  reversed  belong  to 
spectroscopic  binaries  with  both  components  bright.     In  such  cases  the 
notation  for  composite  spectra  should  be  used. 
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The  spectra  of  spectroscopic  binaries  in  which  only  one  component 
is  visible  present,  as  such,  no  peculiarity.  Variable  radial  velocity 
cannot  be  detected  by  mere  inspection  of  a  single  spectrum.  They 
should  not  receive  any  special  notation. 

d)     Stationary  Lines 

On  the  other  hand  so-called  "stationary"  (H)  and  (K)  lines  (so  far 
found  only  in  t>^es  O  and  B)  are  recognizable  by  their  appearance,  being 
very  much  sharper  than  the  other  lines  in  the  spectrum.  The  S3^mbol 
"k"  suggesting  the  (K)  line  is  proposed  for  this  class  of  stars.  The 
same  symbol  may  be  used  to  describe  spectra  in  which  the  (D)  Hues  and 
possibly  others  show  the  same  characteristics.  To  illustrate,  5  Orionis 
would  be  designated  Bonk. 

'    .       e)    Bright  Lines 

It  is  suggested  that  spectra  showing  bright  lines  be  denoted  b}'  the 
letter  "e"  (emission),  except  in  classes  where  bright  lines  are  normally 
present  (as  in  O,  P,  and  Q).' 

In  certain  classes,  most  of  the  bright  line  stars  have  fairly  definite 
characteristics,  .and  may  be  considered  as  forming  a  recognized  group. 
In  these  spectral  classes,  a  spectrum  which  has  emission  lines  differing 
considerably  from  those  of  the  recognized  group  may  be  denoted  by 
"ep."  Cases  in  which  the  bright  lines  are  conspicuously  "reversed" 
(with  a  dark  center)  may  be  denoted  by  "er,"  These  recognized  groups 
are  as  follows : 

I .     Classes  A  atid  B 

The  hydrogen  series  may  be  thought  of  as  composed  of  the  normal 
Class  B  absorption  lines,  increasing  in  strength  from  Ha  toward  the 
violet,  each  having  superposed  upon  it,  in  a  nearly  symmetrical  position, 
one  of  a  series  of  bright  lines  which  decrease  in  strength  from  Ha  toward 
the  violet.  Frequently  in  the  hydrogen  series  (with  a  one-prism  slit- 
spectrograph)  one  or  more  of  the  lines  H/3  to  He  will  show  both  emission 
and  absorption  components,  the  lines  toward  the  violet  showing  no 
emission,  and  those  toward  the  red  showing  no  absorption;  but  in  some 
cases  Ha  is  the  only  distinct  emission  line.  The  emission  lines  often 
are  double,  and  in  some  cases  may  appear  as  bright  edges  to  a  well- 
defined  absorption  line.  Fainter  emission  lines  (enhanced  metallic) 
may  or  may  not  be  present. 

'  The  notation  Pe,  already  in  use,  is  still  admissible,  as  it  denotes  a  type  of 
bright  line  spectrum. 
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Slight  lack  of  symmetry  of  the  combined  bright  and  dark  hydrogen 
lines  need  not  require  the  sufl&x  "p." 

If  desired,  the  letters  a,  /3,  etc.,  may  be  appended  to  indicate  which 
is  the  last  visible  bright  line  of  the  hydrogen  series. 

In  certain  stars,  such  as  P  Cygni,  the  lines  consist  of  a  bright  emission 
line  with  an  absorption  line  bounding  it  on  the  violet  side.  These 
spectra  may  be  denoted  by  "eq,"  the  "q"  recalling  their  similarity  to 
certain  stages  of  the  spectra  of  Novae. 

2.     Classes  M,  N,  R,  and  S 

In  all  these  the  bright  lines  are  usually  of  the  t}^e  associated  with 
long-period  variability.  The  hydrogen  lines  are  bright  and  narrow, 
with  no  absorption  components  visible.  In  Class  M,  H7  is  usually 
bright  and  conspicuous,  while  H5  is  still  stronger.  He  is  absent  or 
extremely  weak,  H/3  and  Ha  are  weak  or  absent,  except  when  the  under- 
lying spectrum  is  of  an  early  division  of  Class  M,  or  possibly  a  late  one 
of  Class  K,  in  which  case  H/3,  H7,  and  H5  may  have  approximately  equal 
intensities.  Weaker  bright  lines,  especially  at  XX  3905,  4138,  4178,  and 
4202,  are  not  unusual.  In  stars  of  Class  S,  which  show  bright  hydrogen 
lines,  H/3  is  much  stronger  than  H7  or  H5,  though  H7  is  usually  con- 
spicuous. 

As  these  differences  in  the  intensity  of  the  hydrogen  hnes  appear  to 
be  closely  correlated  with  the  underlying  spectrum,  no  additional  notation 
to  describe  them  appears  to  be  called  for  at  present. 

Consideration  of  a  notation  for  the  spectra  of  long-period  variables 
near  minimum  should  be  deferred  till  they  have  been  more  fully  investi- 
gated. It  is  already  known  that  in  o  Ceti  at  least,  the  spectrum  at 
minimum  is  very  different  from  that  at  maximum,  or  from  any  other 
known  spectrum. 

3 .     Classes  F,  G,  and  K 

Bright  Hne  spectra  are  here  so  rare  that  no  characteristic  group  can 
be  recognized.  The  mere  addition  of  the  suffix  "e"  may  serve  for  the 
few  known  cases,  which  are  far  from  similar  to  one  another. 

/)     Variable  Spectra 

In  certain  cases  the  spectrum  of  a  star  varies.  Although  this  is  a 
peculiarity  of  the  star  and  not  of  the  spectrum,  it  is  obviously  desirable 
to  refer  to  it  in  catalogues  of  spectra.  This  may  be  done  either  by  giving 
the  limiting  types  between  which  the  spectrum  varies,  as  for  example, 
CF5-CG2,  or  simply  by  annexing  the  letter  "v"  to  the  spectral  designa- 
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tion.  The  symbol  ''ev"  will  denote  variability  in  emission  lines  such 
as  has  been  observed  in  many  B-type  stars.  In  such  cases,  as  in  those 
in  which  the  letter  "p"  is  used,  details  should  be  given  in  notes. 

g)    Other  Peculiarities 

The  letter  "p"  should  be  used  to  denote  miscellaneous  peculiarities, 
not  suf&ciently  frequent  or  important  to  justify  individual  designations. 
It  may  be  suggested  that  this  should  be  understood  to  qualify  the  symbol 
immediately  preceding.  Thus  B2pe  would  denote  a  star  of  Class  B2, 
with  peculiarities  in  the  absorption  spectrum,  and  emission  lines  of  the 
normal  type,  while  B2ep  would  denote  a  star  with  peculiar  emission  lines. 

Similarly,  A2pn  would  denote  a  peculiar  A2  spectrum  in  which  all 
the  lines  were  wide;  A2np  one  in  which  the  lines  were  widened  in  some 
peculiar  fashion. 

The  same  principle  may  be  extended  to  other  symbols.  Thus  F8ne 
would  denote  an  F8  spectrum  with  all  Unes  wide,  and  with  bright  lines; 
F8en,  one  in  which  the  dark  lines  were  normal,  but  the  bright  lines 
abnormally  wide, 

V.    NOTATION  OF  INDIVIDU.\L  LINES 

a)  The  Fraunhofer  letters  for  certain  Unes  are  so  well  established 
that  it  does  not  seem  desirable  to  abandon  them.  Following  a  suggestion 
of  the  Committee  on  Notations,  these  Hnes  should  be  denoted  by  letters 
in  brackets  or  parentheses.  Those  symbols  which  it  is  proposed  to 
preserve  are  (A),  (a),  (B),  (a),  (D),  (b),  (G),  (H),  and  (K).  It  is  worthy 
of  note  that  each  of  these  with  the  exception  of  the  last  two,  denotes  a 
group  of  hnes  having  a  common  origin.  Since  the  lines  of  the  (E)  group 
do  not  all  belong  to  the  same  element,  there  is  no  reason  for  retaining 
this  symbol. 

For  the  hydrogen  lines,  the  notation  Ha,  HjS,  etc.,  should  be  adopted. 

d)  In  giving  the  origin  of  a  line,  the  chemical  symbol  of  the  element 
should  be  printed  in  italics,  as  recommended  by  the  Committee  on 
Notations.  When  the  line  is  known  to  originate  in  an  ionized  atom,  or 
shows  other  strong  evidence  of  being  an  enhanced  line,  the  chemical 
symbol  should  be  followed  by  the  sign  +,  in  accordance  with  the  usage 
now  prevailing  among  physicists.  Thus  X457iM'g,  \448iifg+, 
X  4045/^6,  X  4233^6+. 

The  S5anbols  "pq"  are  used  to  indicate  peculiarities  of  a  character 
suggestive  of  the  spectrum  of  Novae. 

The  exclamation  symbol  "  !"  may  be  used  as  a  modifier  to  indicate 
very  marked  degree  in  a  phenomenon.     Thus  "e  !"  means  that  the 
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emission  lines  are  exceptionally  strong;    "p  !"  that  the  peculiarities 
are  remarkable. 

Examination  of  the  notes  to  Miss  Cannon's  classification  of  spectra 
in  Harvard  Annals,  28,  56,  and  93,  shows  that  the  proposed  notation  will 
cover  almost  all  the  pecuHarities  which  occur  at  all  frequently,  with 
certain  exceptions.  The  most  notable  of  these  are  spectra  of  Class  A 
showing  unusual  strength  of  the  silicon  lines  XX  4128,  413 1  (as  in 
a  Doradus),  or  of  the  strontium  line  X  4077  (as  in  8  Normae).  An  exam- 
ination of  the  proper  motions  indicates  that  stars  showing  these  peculi- 
arities are  distinctly  brighter  than  the  average;  but  further  study  will 
be  required  before  it  can  be  determined  with  certainty  whether  these 
characteristics  are  associated  with  the  "c"  or  "g"  characters,  or  are 
independent  of  these,  and  to  what  degree  they  are  connected  with  one 
another. 

Pending  such  study,  they  may  still  be  called  Aop,  A2p,  etc.,  the 
question  of  a  notation  for  their  peculiarities  being  postponed. 

Some  of  the  more  difficult  objects,  such  as  17  Carinae  and  SS  Cygni 
have  been  classified  on  a  provisional  basis  to  show  the  capabilities  of  the 
method. 

VI.     EXAMPLES  OF  THE  PROPOSED  NOTATION 


c-Slars 

6     Cards  Ma joris .. .  cBi 

/3    Ononis cB8 

■t)    Leonis cAo 

a    Carinae cFo 

a    Persei. . .- CF5 

a    Ursae  Minoris . . .  cF8 

f    Geminorum cGo 

5    Lacertae      (Boss 

5804) cK2 

a    Scorpii cMo 


Giants 

y   Velorum Oap 

f    Puppis Od 

29  Can.  MaJ Oe 

t     Orionis Oe5 

€    Orionis Bo 

-y    Orionis B2 

a    Gruis B5 

a    Lyrae Ao 

/3    Leonis A5 

d    Scorpii '  gFo 

e     Ceti gF5 

T    Persei gGi 

77    Piscium gGs 

a    Bootis gKo 

a    Tauri gKs 

5    Virginis gMo 

;8    Pegasi gM3 

45  Arietis gM8 

B.D.+42°28ii Ro 

-3°i68s Rs 

19  Piscium No 

+67°3SO N2 

VX  Andromedae ...  Nc 


Dwarfs 

a    Canis  Minoris. . .  dF5 

j3    Virginis dF8 

The  Sun dGo 

fx    Herculis dGs 

70  Ophiuchi  Br.  .  .  .  dKo 

70  Ophiuchi  Ft.  .  .  .  dK4 

611  Cygni dK8 

Lai.  21185 dM3 

Barnard's  Star.  .  dMo 
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Qa  Nova  Aquilae 
Qb  Nova  Aquilae 
Qc  Nova  Aquilae 
Qx  Nova  Aquilae 
Qy  Nova  Aquilae 
Qz  Nova  Aquilae 


Nova  Type 
19 1 8  June  8-9 
Jime  ia-13 
June  14-20 
June  2i-July  i 
July  I,  1918-Oct.,  1919 
1920-21 


Red  Stars 

TTi  Gruis S 

R  Cygni Se 

R  Geminorum Se 

R  Andtomedae ....  Se 


QzO  Nova  Geminorum    February,  19 14 

Wide  and  Double  Lines 

b  Orionis Bonk 

a  Eridani Bsn 

o  Leonis B8n 

a  Aquilae Asn 

5  Geminorum Ayn 

rA6n 
S    Antliae        ]  or  A6n+A6n 

[A6n 

fdF8n 
W  Urs.  Maj.    \  or  dF8n+dF8n 

[dFSn 

[Bik 

fi    Scorpii         \  or  Bik+Bi 

[Bi 

fB3 

ii    Scorpii         \  or  B3+B3 

IB3 

fAo 

^    Aurigae       \  or  Ao+Ao 

[Ao 

[gGo 

a    Aurigae       \  or  gGo+Fs 

iF5 

fBi 

V  Puppis        \  orBi+B3 

iB3 

fcF5 
0  Leonis  \  or  CF5+A 

[a 
rBB 

U  Sagittae      \  or  B8+gG2 

igG2 


Bright  Lines 

y     Cassiopeiae Boe 

77      Tauri Bsea 

/3     Lyrae cB8+B2nep 

P     Cygni B4eq 

a      Cygni cAaea 

RT  Serpen tis cFoe 

RZOphiuchi cFSe 

W    Virginis cFye 

a     Geminorum gKie 

T     Tauri gGse 

Comp.  a  Gemin dMo+dMoe 

T     Aquarii Mie 

o      Ceti  (max.) M6e 

o      Ceti  (min.) Mvep  1 

R    Leonis M8e 

T     Coronae  Bor Msepn 

R    Aquarii M6e+P 

28    Tauri  (Pleione) B8ev 

<})     Persei Bpevr 

+  ii°4673 Beqpv 

7)      Carinae Qp  ! 

^_  _,       .  f  maximum B8n  !  q 

SS  Cygni  <      .  .  r\ 

[  minimum Opq 

R     Cor.  Bor cFsep 

H.D.  42474 gMoep  ! 


DISTRIBUTION  OF  THE  VELOCITIES  OF  STARS 
OF  SPECTRAL  TYPE  A^ 

By  GUSTAF  STROMBERG 
ABSTRACT 

Velocity-distribution  of  A-type  stars. — The  three  velocity-components  for  332  stars 
of  spectral  types  By  to  F2  have  been  computed  from  their  proper  motions,  radial 
velocities,  and  spectroscopic  parallaxes.  The  method  used  is  that  previously  used  for 
t>'pes  F  and  M.  The  study  of  the  distribution  of  the  velocities  reveals  the  existence 
of  three  well-defined  groups,  the  Central  group,  the  Ursa  Major  group,  and  the  Taurus 
group,  whose  relative  proportions  among  the  stars  studied  are  69,  23,  and  8  per  cent. 
The  Central  group,  which  can  be  identified  with  the  stream  O  of  Halm  and  the 
antapex  stream  of  Eddington,  is  shown  to  have  an  ellipsoidal  distribution.  Among 
the  A  stars,  Kapteyn's  First  and  Second  streams  can  be  identified  with  the  Taurus 
and  the  Ursa  Major  groups,  respectively.  The  elements  of  ellipsoidal  distribution- 
functions  for  all  three  groups  are  given  in  Table  III. 

The  Sun's  velocity  referred  to  the  A  stars  is  somewhat  smaller  than  that  found  for 
other  spectral  types,  on  account  of  the  presence  of  a  large  proportion  of  stars  whose 
motion  is  nearly  the  same  as  that  of  the  Ursa  Major  group. 

A  study  of  the  velocities  of  stars  of  spectral  types  F  to  M  was 
recently  published  in  this  journal.^  A  similar  investigation  of  the 
stars  of  type  A  has  been  made  possible  by  a  recent  application  of 
the  spectroscopic  method  by  Adams  and  Joy^  to  the  determination 
of  the  absolute  magnitudes  of  stars  of  this  type.  In  the  latter 
paper  the  spectroscopic  parallaxes  of  about  500  stars  of  spectral 
types  By  to  F2  are  given,  all  of  known  proper  motion.''  For  332  of 
these,  radial  velocities  have  been  determined  at  the  Lick,  Mount 
Wilson,  and  the  Dominion  Astrophysical  observatories,  and  hence 
it  was  possible  to  calculate  the  three  velocity  components. 

These  velocity  components,  relative  to  the  sun  and  in  the 
equatorial  system  of  co-ordinates,  were  computed  by  the  formulae: 

k 
^=V  cos  a  cos  5 (/Xa  sin  a  cos  S+^ia  cos  a  sin  5) 


TV 


k 

V  sin  a  cos  d-\ —  (/la  cos  a  cos  5  — ^15  sin  a  sin  5) 


TT 


k 

8=V  s'm  d  H — ^15  cos  5 

7r 


(i) 


'  Contributions  from  the  Mount  Wilson  Observatory,  No.  257. 
'  Mt.  Wilson  Contr.,  No.  245;  Astrophysical  Journal,  56,  265,  1922. 
3  Mt.  Wilson  Contr.,  No.  244;  Astrophysical  Journal,  56,  242,  1922. 
*  In  the  following  the  stars  belonging  to  this  range  of  spectral  class  are  all  called 
"A  stars." 
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where  V  is  the  radial  velocity  relative  to  the  sun,  ju„  and  /Xo,  the 
proper  motions  in  right  ascension  and  decHnation  expressed  in 
seconds  of  arc  per  year,  tt,  the  parallax,  and  where  ^  =  4.737  km/sec. 
For  the  study  of  the  distribution  of  the  velocities,  these  com- 
ponents were  referred  to  the  galactic  system  of  co-ordinates  and 
to  the  origin  used  in  the  study  of  the  velocity  distribution  for  stars 
of  later  types.  The  reduction  to  this  origin  assumes  a  solar  motion 
of  20km  toward  the  apex  Ao  =  2']0°,  Do=+$o°.  The  equations 
for  finding  the  galactic  co-ordinates,  referred  to  the  adopted  origin, 
from  the  equatorial  co-ordinates  are: 


a;  =  -|-o.i85  ^—0.983  rj+iy-o 

3;  =  -fo.449  ^-fo.o84  ?7+  0.889^+7.4 

z=— 0.874  ^—0.164  r?4-  0.457^+7.4 


(2) 


The  stars  were  divided  into  two  groups,  according  to  their 
absolute  magnitudes.  Various  data  for  these  groups  are  given 
in  Table  I. 

TABLE  I 


Group  II 


Absolute  ISIagnitude 

Spectrum 

Ci 

C2 

C3 

Number  of  stars 

Number  within  limits 

Number  of  stars  belonging  to  the  Taurus  group  .  .  .  . 
Number  of  stars  belonging  to  the  Ursa  Major  group 


The  quantities  c  are  the  hmits  of  x,  y,  and  2,  respectively, 
within  which  the  distribution  of  the  velocities  has  been  represented 
by  a  three-dimensional  cosine-series  according  to  the  method  devised 
in  Contribution  No.  245.^  The  numbers  of  recognized  members  of 
the  Taurus  and  the  Ursa  Major  groups  are  given  at  the  end  of  the 
table. 

THE    SOLAR   MOTION 

If  we  take  the  algebraic  means  of  the  equatorial  velocity  com- 
ponents, referred  to  the  sun  as  origin,  we  obtain  the  velocity  of  the 

^  Astrophysical  Journal,  56,  265,  1922. 
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center  of  mass  of  the  group  studied  relative  to  the  sun.  The  oppo- 
site vector  is  the  velocity  of  the  sun  relative  to  this  "centroid." 
The  velocity  of  the  sun  defined  in  this  way  is  given  in  Table  II  for 
the  two  groups  in  question,  both  in  equatorial  and  galactic  co- 
ordinates. 

TABLE  II 


Groups 

Number 

Ao 

I»o 

7o 

io 

Bo 

I 

159 

258?4 

+38?o 

km 
12.0 

29?  2 

+33-1 

II ' 

173 
156 

262.0 
256.5 

+  19-2 
+  29.4 

14.0 
II-5 

9-7 
18.8 

+  24.6 
+32.7 

Omitting  Taurus  stars  .... 

All 

Omitting  Taurus  stars  .... 

332 
315 

260.7 

257-4 

+  27.4 
+33-8 

12.8 
II. 7 

17.9 
24.1 

+  28.7 
+33 -o 

A  remarkable  fact  is  the  small  velocity  obtained  for  the  sun  rela- 
tive to  these  stars.  As  will  be  shown  later,  this  is  due  to  the  cir- 
cumstance that  there  exists  a  large  number  of  stars  whose  motion 
is  nearly  the  same  as  that  of  the  Ursa  Major  group. 

DISTRIBUTION   OF  VELOCITIES 

An  unbiased  idea  of  the  general  character  of  the  distribution  of 
the  velocities  can  be  secured  from  a  representation  of  the  velocity- 
vectors  with  the  aid  of  a  trigonometric  series  in  three  dimensions. 
The  formulae  for  this  computation  are  all  given  in  Contrihuiion 
No.  245.  No  stars  were  omitted  in  this  study  except  those  outside 
the  limits  given  in  Table  I.  In  figures  i  and  2  are  shown  the  results 
of  the  synthesis  of  the  trigonometric  series  in  the  form  of  closed 
curves.  These  are  the  intersections  of  the  equi-frequential  surfaces 
with  the  galactic  plane.  The  numbers  attached  to  the  curves  are 
the  corresponding  "densities,"  i.e.,  the  number  of  velocity-vectors 
which  terminate  in  a  cube  of  unit  size  whose  center  is  situated  on 
the  curve.  These  numbers  are  comparable  with  those  given  in  the 
previous  paper,  and  refer  to  a  total  of  1000  stars  and  a  unit  volume 
of  1000  cu.  km.  In  order  to  emphasize  that  we  are  dealing  with 
the  frequency-function  itself,  and  not  with  its  integrated  values,  we 
might  rather  say  that  the  density  numbers  are  reduced  to  a  total  of 
1,000,000  stars  and  a  unit  volume  of  i  cu.  km.      The  dots  in  the 


8o 


GUSTAF  STROMBERG 


diagrams  represent  velocities  of  individual  stars,  so  that  the  vector 
from  the  origin  to  a  dot  is  the  projection  on  the  xy-  or  the  a;z-plane 
of  the  velocity-vector  referred  to  the  same  origin.  In  the  xy-]Aa.nQ 
only  those  velocities  are  indicated  whose  s-components  are  numeri- 
cally smaller  than  lo  km,  and  similarly  for  the  xs-plane.  The 
recognized  members  of  the  Taurus  group  are  indicated  by  crosses, 


-40     -30      -20      -10         0 

Fig.  I.     M<i.i 


those  of  the  Ursa  Major  group  by  open  circles.      The  velocity  of  the 
sun  is  indicated  by  the  symbol  O . 

An  inspection  of  these  diagrams  gives  us  immediately  some  valu- 
able information.  In  the  case  of  the  brighter  A  stars  (Fig.  i), 
the  point  of  highest  density,  the  condensation  point,  does  not  fall 
at  the  origin,  and  not  even  near  the  center  of  the  outer  equi-density 
curves,  but  at  a  point  which  corresponds  nearly  with  the  group- 
motion  of  the  Ursa  Major  stream.  The  most  frequent  velocity 
among  these  A  stars  is  thus  nearly  the  same  as  that  of  the  Ursa 
Major  group.     The  same  holds  for  the  group  of  fainter  A  stars 
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(Fig.  2) ;  but  in  addition  we  have  a  group  of  stars  forming  a  second 
condensation  point  in  the  second  quadrant  of  the  xy-plsme.  Most 
of  the  stars  belonging  to  this  last  group  are  recognized  members  of 
the  Taurus  group.  Actually  we  can  distinguish  three  groups  of 
stars,  the  Central,  which  is  the  most  numerous,  the  Ursa  Major 
group,  and  the  Taurus  group.  As  is  well  known,  there  are  other 
moving  groups,  but  their  members  are  few  in  number,  and  the  real 
existence  of  the  groups  can  be  proved  only  by  some  distinguishing 
characteristic  other  than  apparent  parallelism  of  motion,  as,  for 
instance,  an  actual  grouping  of  the  stars  in  the  sky. 

Having  found  these  qualitative  data,  an  attempt  was  made  to 
determine  the  three  frequency-functions  the  sum  of  which  consti- 
tutes the  actual  distribution  function.  All  the  A  stars  except  those 
belonging  to  the  Taurus  group  were  studied  together.  It  was  thus 
sufficient  to  determine  the  constants  of  two  frequency-functions, 
corresponding  to  the  Central  group  and  to  the  Ursa  Major  group. 
Both  of  these  frequency-functions  were  supposed  to  be  ellipsoidal 
and  the  method  used  in  Contribution  No.  245  could  accordingly  be 
applied.     The  equations  of  condition  thus  take  the  form: 

dn  =  fj.dNi-{-(i—iJL)dN2-{-{Ni—N2)dfj.-^ncK  =  no—nc 


-,^      dN,  ^.    ,dN,  .J    .  dN,  .J 

dhi  dliz  dh^ 

.         ,dN  ,dN,.      ,dN,. 

CX'.A'o  ^YO  ^'^Q 

dN.  dN,  dN, 

-^du^'  -^dK^'  -^M^' 


(3) 


with  a  similar  expression  for  JiV^.     The  expressions  for 

^  djh  dN^  . 

"         dh,'         dh^  ' 

are  given  in  the  paper  cited.     Further, 

nc  =  ixN,+  {i-fx)N2 

where  /i/(i  — ju)  is  the  proportion  of  stars  belonging  to  the  Central 
group  relative  to  that  of  the  Ursa  Major  group.     There  are  in  all 
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twenty  unknowns,  but  by  choosing  the  volumes  in  which  the  num- 
ber of  velocity  points  are  counted  in  such  a  way  that  they  are  sym- 
metrically placed  relatively  to  the  assumed  center  of  one  of  the 
groups,  we  can  make  several  of  the  product-sums  equal  to  zero, 
which  faciUtates  the  solution  considerably.  The  results  of  this 
computation  are  given  in  Table  III,  in  galactic  co-ordinates  rela- 
tive to  the  adopted  origin,  and  in  equatorial  co-ordinates  relative 
to  the  sun. 

The  position  of  the  center  of  the  Central  group  agrees  well  with 
that  found  for  the  center  of  the  velocity-ellipsoids  for  later-type 
stars  in  the  study  of  those  objects.  The  large  uncertainty  found  for 
the  major  axis  of  the  elUpsoid  belonging  to  this  group,  and  for  the 
number  ^t  which  determines  the  relative  proportion  of  stars  belong- 
ing to  the  Central  arid  to  the  Ursa  Major  groups,  is  due  to  the  fact 
that  it  is  possible  to  represent  the  distribution  (excluding  the  stars 
belonging  to  the  Taurus  group)  by  a  single  frequency-function  of 
the  elKpsoidal  type.  In  this  case  we  have  ii  =  i.  But  there  is  no 
doubt  that  a  much  better  representation  could  be  secured  by  using 
the  sum  of  two  frequency-functions,  one  representing  the  distribu- 
tion in  the  Central  group,  the  other  that  of  the  Ursa  Major  group. 

The  position  of  the  center  of  the  Ursa  Major  group  as  given  in 
Table  III  does  not  agree  exactly  with  the  values  ordinarily  given 
for  the  convergence-point  and  for  the  velocity  of  this  group.  The 
values  recently  pubHshed  by  Rasmuson'  are: 

a  =  307?6,        5=— 39?9,        »=i8.6km 

while  our  values  are 

a  =  3o6?5,         5  =  -25?9,         i)=i3.okm 

As  can  be  seen  from  the  diagrams,  the  recognized  members  of  the 
Ursa  Major  group,  which  are  marked  by  open  circles,  lie  somewhat 
to  the  right  of  the  point  of  highest  condensation.  We  cannot 
distinguish  the  Ursa  IMajor  group,  as  defined  by  its  recognized 
members,  from  that  revealed  by  the  general  excess  of  stars  moving 
in  this  direction,  and  we  are  thus  justified  in  using  the  name  of  the 
Ursa  Major  group  to  designate  this  whole  group  of  stars. 

'  Meddelanden  frdn  Lunds  Observatorium,  Serie  II,  No.  26. 
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The  orientation  of  the  velocity-elUpsoid  for  the  Central  group 
agrees  well  with  that  for  the  giant  stars  of  later  types,  and  the 
dispersion  along  the  axis  is  similar  to  that  for  the  F  stars  of  high 
luminosity.  The  velocity-ellipsoid  of  the  Ursa  Major  group  pre- 
sents the  remarkable  feature  of  a  prolate  ellipsoid  with  the  longest 
axis  pointing  toward  the  pole  of  the  galaxy.  The  spread,  both  for 
the  Central  group  and  for  the  Ursa  Major  group,  is  to  some  extent 
increased  by  the  effect  of  errors  in  the  proper  motions,  radial 
velocities,  and  distances ;  but  the  general  features  of  the  frequency- 
functions  cannot  be  affected  much  by  this  circumstance. 

1  he  algebraic  means  of  the  velocity  components  of  twelve  recog- 
nized members  of  the  Taurus  group  are  given  in  the  fourth  column 
of  Table  III,  together  with  the  equatorial  co-ordinates  relative 
to  the  sun  of  the  velocity-vector  of  the  group.  These  may  be  com- 
pared with  Rasmuson's  elements/  which  are  nearly  identical 
with  Boss's  original  values,  viz., 

a  =  93?2,         5  =  +7?o,         11  =  40.5  km 

In  the  last  column  are  given  the  elements  for  the  Taurus  group, 
including  eight  additional  stars,  which,  as  judged  from  their  motions, 
are  members  of  the  group,  although  their  position  in  the  sky  differs 
from  that  of  the  recognized  members. 

The  constants  of  the  eUipsoidal  distribution  of  the  Taurus 
group  are  given  in  the  last  column  of  Table  III  and  are  computed 
directly  from  the  moments.  The  spread  is  small  and  can  well 
be  accounted  for  by  accidental  errors  in  the  quantities  involved. 
It  is  significant,  however,  that  the  Taurus  group  among  the  A  stars 
has  a  small  spread  and  is  at  the  same  time  largely  limited  to  the 
constellation  of  Taurus,  whereas  the  Taurus  group  as  defined  by 
the  F  stars  has  a  larger  spread  and  its  members  are  scattered  all 
over  the  sky.  (See  remark  on  the  Taurus  group  in  Contrihution 
No.  245.)  This  indicates  that  the  central  part  of  the  Taurus  group 
is  actually  situated  in  the  constellation  of  Taurus,  but  there  are 
members,  presumably  of  smaller  mass,  which,  on  account  of  larger 
"peculiar"  motions,  have  been  scattered  over  a  larger  space. 

'  Loc.  cil. 
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The  Central  group  found  among  the  A  stars  can  be  identified 
with  the  antapex-stream  of  Eddington^  and  with  the  O  stream  of 
Halm.^  As  mentioned  before,  it  can  also  be  identified  with  the 
ellipsoidal  group  to  which  all  giant  stars  of  later  types  belong, 

TABLE  III 

Constants  of  the  Distribution-Functions 


Central  Group 

Ursa  Major  Group 

Taurus  Group 

Position  of 

'Xo.  .  . 
I'o... 

Zo... 

km/sec 
H-50±6.I 
+  i.8±o.8 
+  2.4±o.5 

km/sec 
+  27-5=^    1-3 
+  4-7=^  0-9 
+  o.3=t    1.3 

km /sec 
—    26.4 

+    14-3 

+      S-4 

km/sec 
-    25.1 
+   13-5 
+     5-6 

center 

tto    .    .    . 

bo... 

V  ... 

9i?7±   6?o 
_-3i?o±i3?i 
14. 2±   5.2  km 

3o6?5±   6?i 
-    25?9=^   5-6 
13. o±   1.3  km 

i05?i 
+     6.8 
44.0km 

II4-9 
+     6.1 
42.6km 

Orientation  of 

a.  .  .  . 

u... 

Sx... 
ai  .  .  . 

5,  ... 

158°  ±22° 

-     6.8±  4.2 

84.0 
+   16. 1 

9.69{+3-9ik^ 

i46?o 
+  83.2±i6.S 

184. 1 
+  30.8 

5.2km 

324° 
+   21 

244 
-   18 

ellipsoids 

and 

dispersion 

along 

principal 

axis 

h.... 

B,... 
az  .  .  . 
d,  ... 

8.54±   0.66km 

65°    ±20° 
—   22     ±9 

342 
+  34-9 

5.S2±o.34km 

4.3km 
48° 
-   16 
323 
+  31 

C... 
h... 
B,... 
aj  .  .  . 

6-73=^  0.59km 
84?     ±12° 
+67       =t  8 

194 
+50 

5.48=^0.94  km 

2. 1  km 

104° 
+  63 

180 
+  53 

Relative  proportion .  . 

75.0=*=  23.4  per  cent 

25.0=*=  23.4  per  cent 

Number  of  stars  used 
in  determining  con 
stants 

17 

25 

' 

except  20  per  cent  of  the  fainter  F  stars,  which  belong  to  the  Taurus 
group.  This  Central  group,  to  which  the  vast  majority  of  the 
apparently  bright  stars  seem  to  belong,  has  a  fixed  group-motion 
and  orientation  of  the  axis  of  its  velocity-ellipsoid,  but  the  dis- 
persion increases  regularly  from  the  A  stars  to  the  M  stars,  while 
the  prolateness  of  the  velocity-ellipsoid  decreases. 


'  Monthly  Notices,  71,  40,  19 10. 


'  Ibid.,  p.  610,  1911. 
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So  far  as  the  A  stars  are  concerned,  the  Taurus  and  Ursa  Major 
groups  can  also  be  identified  with  Kapteyn's  First  and  Second 
streams.  Since  this  class  of  stars  is  very  numerous,  the  division 
into  two  streams  is  very  marked  among  the  stars  in  general.  The 
ellipsoidal  nature  of  the  frequency-distribution  for  the  Central 
group  of  types  A  to  G,  when  studied  from  the  standpoint  of  proper 
motion  or  radial  velocity,  could  not  be  distinguished  from  two 
separate  streams.  When  Kapteyn  made  his  original  discovery 
and  determination  of  stream-motion,  the  frequency-distribution  of 
proper  motions  for  different  regions  in  a  zone  at  the  same  angular 
distance  from  the  sun's  apex  was  determined.  The  mean  of  these 
distributions  was  formed  and  the  deviations  from  this  mean  dis- 
tribution were  determined  for  each  region  of  the  zone.  Since 
the  mean  distribution  corresponds  closely  with  that  of  the  Central 
group,  this  group,  as  has  been  pointed  out  to  the  author  by  Mr. 
Scares,  was  almost  entirely  eliminated  from  Kapteyn's  discussion 
when  the  differences  were  studied.  The  distribution  described  by 
Kapteyn  was  that  remaining  after  a  central,  random  (spherical) 
distribution  had  been  subtracted.  This  Central  group  of  stars, 
appearing  later  in  the  investigations  of  Halm  and  Eddington,  is 
now  found  to  be  the  most  numerous  and  to  have  an  ellipsoidal 
distribution  in  agreement  with  the  theory  of  Schwarzschild  and 
CharKer. 

Mount  Wilson  Observatory 

October  1922  * 


VACUUM  ARC  FOR  OBTAINING  SPECTRA 
EXTENDING  FROM  VISIBLE  LIGHT 
TO  SOFT  X-RAYS 

By  H.  NAGAOKA  AND  Y.  SUGIURA 

ABSTRACT 

New  vacuum  arc  with  salted  carbon  cathode. — A  simple  type  of  arc  is  described  which, 
with  2-5.5  amperes  at  from  80-150  volts,  is  an  intense  source  of  very  sharp  lines.  The 
cathode  is  a  carbon  rod  covered  with  a  layer  of  the  oxides  of  Ba  and  Sr  and  sheathed 
up  to  the  end  in  a  fused  sDica  tube.  The  anode  consists  of  the  metal  or  salt  to  be  tested 
placed  in  another  silica  tube.  These  tubes  are  fastened  in  necks  of  the  vacuum  flask  by 
means  of  rubber  stoppers  made  tight  with  Khotinsky  cement  and  water-cooled.  Light 
passes  to  the  spectrograph  through  a  quartz  window  or  right-angled  prism.  After 
exhausting  the  flask  to  a  low  pressure,  a  glow  discharge  is  started  by  means  of  an 
induction  coil  and  then  the  electrodes  are  rapidly  switched  to  the  poles  of  the  500 
volt  D.C.  generator.  Low  melting-point  metals  tend  to  deposit  on  the  window,  but 
spectra  of  all  metals  including  tungsten  may  be  obtained.  The  oxide  layer  on  the 
cathode  must  be  renewed  occasionally.  The  cyanogen  bands  appear  with  a  weak  cur- 
rent, but  vanish  with  a  strong  current.  The  sharpness  of  the  lines  was  tested  with  a 
Fabr>--Perot  etalon  interferometer  and  more  distinct  interference  fringes  were  obtained 
than  in  the  case  of  lines  from  a  Pfund  arc  (Plates  Ilia  and  III6).  As  a  standard  source 
the  vacuum  arc  has  other  obvious  advantages,  since  it  eliminates  various  uncertain 
effects  of  pressure  and  electric  field. 

Vacuum  arc  as  source  of  soft  X-rays. — When  the  potential  was  raised  to  1500  volts, 
using  the  rectified  current  from  a  transformer,  rays  were  emitted  which  affected  a 
photographic  plate  covered  with  one  to  three  aluminum  foils,  placed  within  the  flask. 
The  minimum  wave-length  is  computed,  from  the  quantum  relation,  to  be  10  A.  No 
effect  was  obtained  at  80  volts. 

For  purposes  of  spectroscopy,  it  is  always  desirable  to  obtain  a 
light-source  of  sufficient  purity  and  intensity,  so  that  the  lines  can 
be  examined  by  means  of  interferometers.  Sparks  and  arcs  in  air 
are  unfit  for  the  purpose ;  the  light  excited  by  cathode  bombardment 
fulfils  this  condition,  but  the  arrangement  is  generally  complex, 
and  the  duration  of  light-emission  not  long  enough  to  obtain  a 
good  impression  on  a  photographic  plate.  To  overcome  some  of 
the  inconveniences  attending  the  handling  of  a  Kmed  cathode  and 
to  increase  the  effective  duration  of  light,  the  lamp  here  to  be 
described  was  designed. 

One^  of  us  has  already  solved  a  portion  of  the  problem  by  repla- 
cing an  oxide-covered  platinum  strip  in  the  Wehnelt  cathode  by 
a  thin  carbon  plate.     With  this  change,  the  Wehnelt  cathode  was 

'  Astrophysical  Journal,  53,  323,  1921. 
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somewhat  simplified,  but  the  tedious  process  of  excitation  remained 
unimproved.  In  the  present  form  the  same  idea  was  followed, 
but  great  simpHfication  in  removing  the  material  and  in  making 
the  oxide-covered  cathode  is  introduced. 

The  essential  part  of  the  apparatus  consists  of  a  three-necked 
flask  of  about  a  liter  capacity,  as  shown  in  the  figure.  An  India- 
rubber  stopper  a  has  a  carbon  rod  c  inserted  into  it,  and  the  rod 
is  sheathed  in  a  closely  fitting  silica  glass  tube:  the  end  of  the  rod 
is  first  dipped  in  a  solution  of  barium  and  strontium  nitrate,  and 
heated  in  a  Bunsen  burner,  so  that 
the  surface  of  the  carbon  appears 
white,  being  covered  with  the  oxides 
of  barium  and  strontium.  A  thick 
copper  wire  b  is  screwed  into  the 
rod  to  have  good  contact,  and 
passes  through  an  India-rubber 
stopper  which  is  covered  with 
Khotinsky  cement  to  make  it  air- 
tight. The  substance  to  be  tested 
is  put  into  another  fused  silica 
tube  d,  which  fits  into  an  India- 
rubber  stopper  e,  the  substance  and 
the  electrode  being  electrically  con- 
nected within  the  tube  by  means 
of  a.  carbon  rod.  On  inserting  the 
stopper,  the  neck  is  sealed  by 
Khotinsky  cement.  The  end  of 
the  neck  /  is  ground  plane,  and  a  right-angled  prism  p  of  quartz 
cemented  on  it.  The  air  within  the  flask  is  evacuated  by  means 
of  a  Gaede  mercury  pump,  having  a  condensation  pump  in 
series  to  obtain  a  good  vacuum.  On  running  the  pumps  for  a 
few  minutes,  the  manometer  indicates  that  the  flask  is  pretty 
well  exhausted;  the  carbon  rod  is  then  connected  to  the  cathode 
and  the  substance  to  be  tested  to  the  anode  of  a  small  induction 
coil,  by  which  the  carbon  pole  is  covered  with  "  Glimmlicht." 
The  electrodes  are  then  rapidly  switched  to  the  poles  of  a  500-volt 
D.C.  generator,  and  the  current  kept  at  proper  strength,  which 


Fig. 
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varies  with  the  nature  of  the  substance  to  be  tested.  With  most 
metals,  2  or  3  amperes  with  terminal  voltage  of  80  to  90  volts  are 
sufficient  to  give  intense  light,  the  fluctuation  of  the  current  being 
scarcely  noticeable.  With  the  spectrograph,  described  below,  a 
few  seconds  suffice  to  obtain  spectrograms  of  the  violet  region. 
To  obtain  a  very  intense  source  of  light,  the  current  is  pushed 
to  5.5  amperes;  the  evaporation  of  the  anode  material  is  very 
rapid,  the  terminal  voltage  being  kept  at  150  volts.  Care  is  taken 
not  to  make  the  tip  of  the  carbon  interfere  with  the  passage  of 
light  into  the  total  reflecting  prism  p.  The  cathode  carbon  is 
heated  red  hot,  but  its  light  is  faint  compared  with  that  from  the 
anode,  and  does  not  mix  in  the  spectrum  to  be  examined.  W^ith 
mercury,  the  stopper  is  dispensed  with;  the  neck  is  made  smaller, 
and  mercury  poured  into  it,  the  electrode  of  iron  wire  being  cemented 
at  the  end  of  the  neck.  It  was  at  first  thought  that  the  light  would 
play  round  the  surface  of  the  mercury;  this  takes  place  only  when 
the  current  is  strong,  otherwise  a  steady  bright  bundle  of  light, 
resembling  a  tuft,  is  seen  protruding  from  the  surface.  To  prevent 
heating  and  the  softening  of  the  cement,  two-thirds  of  the  flask  is 
immersed  in  a  trough  of  running  water.  Salts  may  also  be  intro- 
duced into  the  silica  tube  d  and  their  spectra  investigated.  So  long 
as  the  current  is  not  broken,  the  light  continues  to  be  emitted  till 
the  greater  part  of  the  anode  material  is  evaporated  by  the  bom- 
bardment. When  the  oxide  is  evaporated,  it  is  difficult  to  relight 
the  lamp.  With  certain  substances  as  zinc,  the  wall  is  covered  .with 
fine  particles  of  evaporated  material,  and  the  fogging  is  so  great 
that  a  bright  source  of  light  is  hardly  visible  through  the  wall.  There 
is,  however,  no  difficulty  in  obtaining  spectra  of  highly  refractory 
metals,  such  as  tungsten.  With  easily  evaporating  substances 
as  mercury,  the  face  of  the  prism  is  slightly  dimmed  by  the  vapor 
rising  from  the  anode;  to  prevent  this  it  is  advisable  to  introduce 
diaphragms  in  the  neck  below  the  prism. 

By  making  the  capacity  of  the  flask  bigger,  we  may  perhaps  dis- 
pense with  the  water-cooling.  The  necks  a  and  e  may  be  made 
somewhat  conical  and  ground  so  as  to  fit  tightly  into  glass  stoppers, 
which  have  the  electrodes  fused  into  them.     A  wire  of  platinum 
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substitute,  used  in  electric  lamps,  will  form  suitable  external  elec- 
trodes: they  will  secure  good  contact  with  glass,  as  the  thermal 
expansion  of  both  substances  may  be  made  equal. 

As  will  be  easily  seen  from  the  construction  of  the  flask  exciting  the 
light,  the  arrangement  of  the  anode  and  cathode  is  exactly  analogous 
to  a  Coolidge  X-ray  tube;  if  the  difference  of  potential  between 
the  electrodes  be  made  sufficiently  high.  X-rays  must  be  emitted. 
The  current  of  a  small  step-up  transformer  was  rectified  by  means 
of  a  kenotron  and  passed  into  the  flask,  the  potential  difference 
between  the  electrodes  being  about  1500  volts.  Three  strips  of  thin 
aluminium  foil  were  placed  one  over  the  other,  so  that  they  formed 
layers  of  three  different  thicknesses,  and  laid  on  a  photographic 
plate.  It  was  wrapped  with  black  paper  and  placed  in  the  neck  of 
the  flask  under  p,  and  exposed  to  the  action  of  rays  for  15  minutes. 
Zinc,  silver,  and  mercury  were  used  as  anodes;  on  developing,  the 
plate  was  blackened  each  time,  showing  the  gradations  according 
to  the  thickness  of  the  aluminium  foil.  By  placing  a  wing  of  a 
butterfly  on  the  plate,  and  photographing  in  the  same  manner,  the 
veins  distinctly  screened  the  photographic  action.  Calculated  from 
quantum  relation,  the  wave-length  in  these  experiments  is  a  little 
shorter  than  10  A.  The  same  experiment  was  repeated  with  a 
terminal  voltage  of  80  volts,  but  the  plate  showed  no  sign  of  blacken- 
ing, although  intense  visible  light  was  excited  under  it.  By  apply- 
ing sufficiently  high  voltage,  it  would  be  possible  to  obtain  hard 
X-rays,  if  good  vacuum  be  maintained. 

Since  there  was  no  vacuum  spectrograph  at  hand,  the  Schumann 
region  was  not  examined,  but  the  emission  of  soft  X-rays  sufficiently 
proves  that  the  emitted  light  extends  to  the  extreme  ultra-violet. 
In  the  present  apparatus,  it  is  evident  that  by  applying  proper 
tenninal  voltage,  we  can  excite  light  waves  ranging  from  the  visible 
to  the  ultra-violet,  and  extending  even  to  soft  X-rays. 

The  purity  of  the  spectrum  was  tested  in  the  following  manner. 
An  arc  of  electrolytic  pure  iron  was  excited  and  compared  with  the 
Pfund  arc  of  ordinary  iron,  by  passing  the  light  through  a  Fabry- 
Perot  interferometer  of  etalon  tj'pe,  the  silvered  plates  being  sepa- 
rated by  a  fused  siHca  cylinder  i. 01625  cm  long.     The  interference 
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rings  were  projected  on  the  slit  of  a  Hilger  quartz  spectrograph 
on  a  Littrow  mounting;  it  was  provided  with  a  quartz  lens  (aper- 
ture 7  cm,  focal  length  1 70  cm)  and  a  quartz  prism  (refracting  angle 
30*^,  9.8X5.7  cm  face)  silvered  on  the  back,  and  so  arranged  that  the 
spectrum  could  be  photographed  nearly  at  minimum  deviation.  The 
Pfund  arc  was  6  cm  long  at  500  volts.  The  middle  portion  of  the  arc 
was  used.  The  fringes  from  the  vacuum  arc  were  sharply  defined  as 
shown  in  Plate  Ilia,  which  represents  a  small  portion  of  the  \'iolet 
region.  With  the  Pfund  arc  the  fringes  are  not  sharp  (Plate  III6) ; 
they  are  bridged  and  the  mean  points  difi&cult  to  measure.  Usually 
the  length  of  the  Pfund  arc  is  6  mm  or  so  at  200  volts,  but  the  length 
of  the  arc  can  be  extended  to  6  cm  working  at  500  volts,  making  the 
fringes  more  distinct,  although  they  are  lacking  in  definition  com- 
pared with  those  of  the  vacuum  arc,  as  the  inspection  of  the  figures 
will  show.  By  increasing  the  thickness  of  the  air  plate  in  the  Fabry- 
Perot  interferometer,  they  can  be  made  more  distinct  apparently, 
but  the  same  relative  difference  in  fringes  of  these  two  sources  of 
light  will  persist. 

For  accurate  comparison  of  wave-lengths,  the  interference 
method  is  generally  applied;  for  this  purpose  it  is  necessary  to 
obtain  sharp  fringes,  whose  position  can  be  measured  with  great 
accuracy.  The  preference  for  the  vacuum  arc  instead  of  that  in 
air  requires  no  further  comment. 

The  curious  characteristic  of  the  vacuum  arc  here  described  is 
the  appearance  of  cyanogen  bands  for  weak  electronic  current. 
With  iron  as  the  anode,  most  of  the  iron  lines  appear,  but  those  lying 
in  the  region  of  the  cyanogen  bands  are  mostly  obliterated  so  that 
it  is  difficult  to  trace  their  faint  presence.  The  bands  are,  however, 
very  strong  and  show  their  characteristics  to  a  high  degree.  They 
gradually  disappear  as  the  current  is  increased ;  when  a  certain 
strength  is  exceeded,  they  vanish  and  only  the  iron  lines  remain. 
Plate  IIIc  shows  the  latter  stage.  The  bands  are  all  capable  of  high 
interference,  and  can  be  examined  by  a  Fabry-Perot  interferometer 
or  a  Lummer-Gehrcke  plate.  The  Pfund  arc  shows  the  same  phe- 
nomenon, especially  at  high  voltage.  In  the  vacuum  arc,  the  bands 
are  probably  excited  by  electronic  bombardment  of  nitrogen,  to 
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which  they  are  due,  the  presence  of  cyanogen  not  being  necessary 
according  to  Runge.  Owing  to  dissemination  of  carbon  particles 
within  the  flask,  there  is,  however,  great  chance  for  the  production 
of  cyanogen  within  the  apparatus. 

The  study  of  the  structure  of  the  iron  hues  and  of  the  cyanogen 
bands  obtained  by  the  present  method  will  be  reserved  for  a  future 
communication. 

Institute  of  Physical  and  Chemical  Research 
Tokyo,  Japan 
August  2,  1922 


A  COAIBINATION  OF  A  CONCAVE  GRATING  WITH  A 
LUMMER-GEHRCKE  PLATE  OR  AN  ECHELON  GRAT- 
ING FOR  EXAMINING  FINE  STRUCTURE  OF 
SPECTRAL  LINES 

By  H.  NAGAOKA  AND  T.  MISHBIA 

ABSTRACT 

New  method  of  studying  the  fine  structure  of  spectrum  lines;  concave  grating  in  series 
mth  a  Lummer-Gehrcke  plate  or  an  echelon  grating. — Because  of  the  astigmatic  property 
of  the  concave  grating,  fringes  projected  on  to  the  sUt  parallel  to  the  rulings  are  drawn 
out,  and  the  components,  if  not  too  faint  or  too  close  together,  are  made  more  distinct. 
The  slit  should  be  wide  enough  to  include  two  or  three  orders.  In  the  case  of  the  L.G. 
plate,  photographs  with  two  plates  of  different  thickness  will  give  the  order  numbers. 
This  method  should  be  useful  in  the  study  of  the  Stark  and  Zeeman  effects  and  for  the 
rough  anah-sis  of  diffuse  lines  such  as  those  from  arcs  and  sparks  in  air.  For  a  minute 
study  of  the  structure,  the  method  of  crossed  spectra  is  superior  though  the  loss  of 
intensity  is  considerable.  Results  obtained  are  illustrated  by  four  spectrograms 
showing:  Hg,  X  2536;  the  Hg  triple,  XX  3663,  3655,  3650;  Hg,  X  5461;  and  some  iron 
lines  from  a  Pfund  arc. 

Of  the  various  methods  of  examining  the  structure  of  spectral 
lines,  most  accurate  results  are  obtained  by  forming  crossed  spectra 
of  lines  with  interferometers.  The  lines  are,  however,  generally 
diffuse,  and  not  sharp  enough  to  apply  the  method,  when  the  arc 
or  spark  is  excited  in  air.  Only  by  using  vacuum  arcs  can  we 
effectively  examine  the  fine  structure  of  spectral  lines.  Some  means 
of  overcoming  this  difficulty  and  of  making  the  study  of  the  struc- 
ture easier  is  necessary,  in  order  that  we  may  be  able  to  get  some 
insight  into  the  perturbations  of  electronic  movement  in  atoms. 
The  method  which  we  shall  now  develop  will  be  of  some  significance 
in  investigations  of  similar  nature,  such  as  the  study  of  the  Zeeman 
or  Stark  effect. 

Of  the  different  interferometers  which  are  used  for  examining 
the  structure  of  lines,  we  may  mention  Michelson's  echelon  grating, 
the  Lummer-Gehrcke  plate,  and  the  Fabry-Perot  interferometer. 
All  these  instruments  have  the  common  defect  that  for  using  them 
the  source  of  light  must  be  pure;  diffuse  lines,  although  some 
difference  in  intensity  may  exist  among  the  components,  cannot 
be  analyzed  by  such  means.  The  fringes  of  interference  are  merely 
blurred   images   of   lines   without   definite   boundary.     Such,    for 
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example,  is  the  case  with  the  sodium  Hnes  from  a  Bunsen  flame, 
or  the  cadmium  lines  excited  by  an  electric  spark  in  air.  It  is, 
however,  well  known  that  the  concave  grating,  by  virtue  of  its  astig- 
matic property,  can  effectually  analyze  most  of  the  lines,  which 
are  not  resolvable  by  the  interferometers  above  mentioned;  this  is 
especially  the  case  in  the  study  of  the  Zeeman  effect  of  most  of  the 
light  metals.  This  impgrtant  characteristic  can  be  taken  advan- 
tage of  in  the  investigation  of  the  fine  structure  of  lines,  but  o\\ang 
to  the  low  resolving  power  of  most  of  the  gratings,  there  is  still  some 
advantage  in  using  the  interferometers.  The  method  which  we 
shall  describe  consists  in  the  combination  of  these  two  instruments, 
so  that  we  may  be  able  to  utilize,  on  the  one  hand,  the  high  resolving 
power  of  the  interferometers,  and  on  the  other,  the  astigmatism  of 
the  concave  grating. 

The  usual  practice  is  to  analyze  the  light  roughly  into  its  spec- 
trum and  examine  one  of  its  lines  by  means  of  an  interferometer. 
In  the  present  method  the  order  is  inverted.  The  light  from  a 
source  is  directly  received  on  the  slit  of  an  interferometer,  and  the 
interference  spectra  thus  obtained  are  projected  on  the  slit  of  a 
concave  grating.  The  slit  is  kept  tolerably  wide,  so  that  two  or 
three  successive  orders  of  interference  spectra  can  be  received  on 
it.  Great  care  is  needed  to  bring  the  projected  lines  parallel  to 
the  rulings  of  the  grating.  The  parallelism  can  be  easily  obtained 
by  a  direct  observation  on  the  visible  part  of  the  spectrum,  for  the 
lines  appear  very  distinct  when  this  condition  is  fulfilled. 

The  absence  of  the  dust  lines  of  the  slit  used  in  observations  with 
the  concave  grating  is  a  point  which  we  can  properly  turn  into  an 
important  application  to  the  problem  at  hand.  Owing  to  the  astig- 
matic property  of  the  spherical  surface,  a  point  is  drawn  out  into  a 
line,  whose  length  is  approximately  given  by  I  sin  6  cos  6,  where  I 
is  the  length  of  the  rulings,  6  the  angle  of  diffraction  in  the  case  of 
Rowland  mounting.  Thus  the  length  of  the  slit  is  very  much  elon- 
gated from  its  natural  length;  consequently  the  distribution  of 
complex  lines  projected  on  the  slit  is  more  distinct,  and  gives  better 
definition  to  the  appearance  of  the  lines  than  when  observed  with 
interferometers  only.  The  spectrum  as  given  by  a  Lummer- 
Gehrcke  plate  consists  of  a  number  of  straight  lines;    if  we  project 
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these  lines  on  to  the  sht  of  a  concave  grating,  they  will,  after  diffrac- 
tion, appear  as  distinct  hnes,  the  blurred  edge  of  the  component 
lines  being  wiped  away  just  as  the  dust  lines  of  the  slit  are  eliminated. 
The  complex  lines,  as  observed  in  this  manner,  are  not  exactly 
sunilar  to  lines  analyzed  by  the  plate.  Owing  to  the  slight  differ- 
ence of  wave-lengths  among  the  components,  the  mutual  position 
will  be  affected  to  a  small  extent  by  diffraction,  and  thus  indicate 
minute  differences  in  the  interval  between  them.  The  appearance 
of  the  lines  is  made  very  distinct  by  this  method  of  observation,  so 
that  we  have  no  difficulty  in  delineating  the  separate  components, 
which  otherwise  would  have  presented  a  diffuse  appearance,  espe- 
cially when  we  use  an  arc  at  ordinary  atmospheric  pressure.  Even 
with  a  vacuum  arc,  we  may  sometimes  find,  by  the  usual  method 
of  observation,  no  great  difference  from  the  condition  in  air,  espe- 
cially with  light  metals  and  metalloids. 

Denote  the  angle  between  the  Kne  joining  the  slit  with  the  center 
of  the  grating  and  the  line  passing  through  the  center  of  the  sphere 
by  6,  and  the  angle  of  diffraction  by  6',  then  we  have  the  approxi- 
mate relation 

e{sm  d-]-sm  6')  =  =>=Ji\ 

where  e  is  the  interval  between  successive  rulings,  and  h  the  order 
of  the  spectrum.  In  the  present  method,  we  have  to  use  a  tolerably 
large  slit,  in  order  that  more  than  one  of  the  spectra  from  the  plate 
may  appear  projected  on  the  slit.  Denoting  the  small  change  of 
angle  by  dd  and  dd',  we  have  the  relation 

6  (cos  ddd-\-cos  e'dd')  =  ^hd\. 
For  constant  wave-length  d\  =  o,  and 

cos  ddd=- cos  e'dd', 

giving  the  relation  between  the  consecutive  spectra.     For  Rowland 

mounting 

dd'=-cosedd, 

and  for  Littrow  mounting 

dd'=-dd. 

Since  X  is  nearly  constant,  we  have  the  images  of  the  components 
of  luminous  Hnes  in  inverse  order  at  the  point  of  observation  from 
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those  projected  on  the  sHt.  From  the  constant  of  the  grating,  we 
can  easily  calculate  the  displacement  of  the  line  due  to  the  small 
difference  in  the  wave-lengths  of  the  satellites  from  the  principal; 
it  is  necessary  to  introduce  this  correction  in  exact  measurements 
of  the  satelUtes.  Another  way  is  to  take  two  photographs,  such  that 
the  wave-length  in  one  increases  in  the  opposite  direction  from  that 
on  the  other.  The  mean  of  these  two  readings  will  give  the  true 
value.  This  process  can  be  easily  effected  by  deflecting  the  plate 
in  opposite  directions  and  adjusting  the  interval  so  that  it  is  the 
same  in  both  cases  between  successive  spectra.  The  correction 
due  to  this  cause  is  generally  small.  Further,  we  notice  the  advan- 
tage of  the  Littrow  mounting  over  that  of  Rowland,  as  is  evident 
from  the  formula. 

The  great  disadvantage  of  using  the  Lumnier-Gehrcke  plate 
lies  in  the  difficulty  of  discriminating  the  order  of  the  spectra  to 
which  the  component  belongs.  There  is  no  easy  means  of  finding 
out  the  proper  order  except  by  crossing  the  spectra  at  right  angles  to 
each  other;  this  entails  a  great  deal  of  labor  on  the  part  of  the 
experimenter,  and  what  is  w^orse  there  is  great  loss  of  intensity  by 
this  process.  The  method  here  given  has  some  advantage  over  that 
of  crossed  spectra,  as  the  question  of  the  order  of  the  spectra  can 
be  easily  settled  if  we  have  two  plates  of  different  thickness.  The 
advantage  thus  gained  by  the  combination  of  the  grating  with  the 
interferometers  is  not  easy  to  estimate,  since  the  study  of  some  faint 
components  is  made  possible  by  this  means,  and  the  discrimination 
as  to  the  doubtful  position  of  many  lines  with  respect  to  the  prin- 
cipal rendered  possible  without  crossing.  When  there  are  faint 
components  grouped  together,  the  present  method  is  still  inferior 
to  that  of  crossing,  as  will  be  shown  farther  on. 

A  quartz  plate  of  thickness  4.529  mm  made  by  Hilger  was 
mounted  vertically  on  a  stand,  and  light  of  a  mercury  vacuum  arc 
was  made  to  fall  on  the  plate  after  passing  through  a  quartz  lens 
and  a  Wollaston  prism,  so  as  to  receive  only  the  ordinary  or  extraor- 
dinary ray  in  the  plate.  The  Ught  which  passed  through  the 
plate  was  projected  on  the  sht  of  the  grating  by  a  quartz-fluorite 
lens;  the  slit  was  2  to  3  mm  wide;  this  was  necessary  as  the  spectra 
to  be  projected  on  the  slit  must  be  at  least  two  or  three  in  number, 
in  order  that  the  evaluation  of  the  position  of  the  satellites  may 
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attain  sufficient  accuracy.  Plate  IVa  shows  the  doublet  structure 
of  the  mercury  line  2536.  The  interval  between  successive  spectra 
amounts  to  0.0474  A,  and  that  between  the  doublets  is  0.0142  A, 
which  coincides  with  the  measurement  of  Miss  L.  Wilson'  by  a 
different  process. 

Experiments  with  an  echelon  spectroscope  taught  us  that  the 
structure  of  iron  lines  cannot  be  easily  examined,  and  our  knowledge 
of  the  fine  structure  of  the  numerous  lines  of  that  element  is  still 
vague.  Recently  we  have  found  out  that  iron  lines  are  resolvable 
by  the  L.G.  plate,  when  analyzed  by  combining  it  with  a  concave 
grating.  With  the  plate  alone,  the  lines  appear  as  strips  with  no 
definite  boundary,  but  examined  by  interposing  a  concave  grating, 
the  lines  become  distinct;  the  slight  blurring  of  the  lines  is  probably 
due  to  the  pole  effect,  as  the  focusing  lens  generally  projects  all 
parts  of  the  arc  on  the  plate.  By  taking  the  precaution  to  make  only 
the  central  portion  of  the  Pfund  arc  enter  the  plate,  the  lines  become 
tolerably  fine,  so  that,  with  a  grating  of  1.85-meters  radius  and  4-cm 
ruled  spacing,  and  in  the  second-order  spectrum  of  a  Littrow  mount- 
ing, the  interval  between  the  interference  fringes  belonging  to  the 
same  line  may  be  made  as  wide  as  i  mm,  and  the  interval 
can  be  measured  with  great  accuracy.  For  X  =  o.44/x,  the  differ- 
ence of  wave-length  between  successive  spectra  amounts  to  0.17  A, 
equivalent  to  i  mm  on  the  photograph,  and  thus  the  measurement 
can  be  easily  pushed  to  milliangstroms  without  incurring  much 
error  in  the  last  figure.  This  point  is  of  importance  in  the  measure- 
ment of  changes  of  wave-length  of  different  elements  in  electric 
and  magnetic  fields. 

Plate  Wh  shows  three  orders  of  interference  spectra  of  iron  lines. 
They  are  all  simple.  Of  course  different  exposures  are  necessary 
for  weak  and  strong  lines;  in  the  figure,  strong  lines  are  obliterated, 
but  they  come  out  distinctly  by  shortening  the  exposure. 

With  the  echelon  grating,  the  observation  is  made  in  the  same 
manner  as  with  the  L.G.  plate.  On  account  of  the  use  of  glass 
plates  in  the  construction  of  the  grating,  it  is  difficult  to  extend  the 
investigation  into  the  ultra-violet,  but  we  were  fortunate  to  photo- 
graph the  triplet  lines  3663,  3655,  3650,  in  the  third-order  spectrum, 
revealing  the  complex  structure  as  shown  in  Plate  IVc.     The  echelon 
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grating  had  thirty-five  plates,  of  9.36  mm  thickness,  with  steps  of 
I  mm;  the  concave  grating  was  the  one  already  cited.  Dr.  T.  Taka- 
mine  has  already  photographed  these  lines  with  the  echelon  grating, 
by  interposing  a  constant  deviation  prism;  on  account  of  the  small 
dispersion  of  the  prism  the  lines  are  closely  packed,  but  with  the 
concave  grating  they  are  well  separated  and  the  components  decid- 
edly better  defined.  The  approximate  position  of  the  components 
is  given  in  the  diagram;  the  exact  position  obtained  from  crossed 
spectra  of  two  quartz  plates  will  be  given  in  a  future  paper,  which  is 
now  in  course  of  preparation.  Plate  IV^  shows  the  well-known 
green  line  of  mercury  obtained  in  the  same  manner;  only  five  out 
of  twelve  satellites  are  found,  the  rest  lying  mostly  in  the  neighbor- 
hood of  the  principal. 

On  examining  the  spectra  thus  obtained  with  concave  grating 
combined  with  interferometers,  we  notice  the  advantage  of  the 
method  when  the  component  lines  are  not  very  near  the  principal. 
For  obtaining  exact  position,  the  crossed  spectra  of  two  interfer- 
ometers are  stUl  preferable.  This  is  well  exemplified  in  the  mercury 
line  2536;  Plate  IWa  shows  that  the  principal  components  are  a 
doublet,  but  there  are  vague  traces  of  faint  components  whose 
position  is  difficult  to  make  out.  We  lately  found  that  there  are, 
besides  the  doublet,  at  least  four  minor  components,  whose  position 
can  be  exactly  located  by  crossing  two  quartz  plates.  It  is  mostly 
in  work  on  Zeeman  and  Stark  effects  that  the  present  method  of 
observation  can  be  effectively  used,  provided  the  intensity  of  the 
components  does  not  fall  off  or  when  they  do  not  lie  closely  together. 
When  the  lines  are  diffuse,  and  have  apparently  no  definite  boundary, 
the  combination  here  described  will  give  better  definition  and  facili- 
tate the  location  of  the  mean  position  of  the  lines  for  measurements. 
Thus  the  advantage  of  using  the  present  method  will  mostly  He  in 
dealing  with  the  arcs  or  sparks  in  air,  while  the  crossed  spectra  can  be 
used  in  accurate  measurements  with  the  light  from  vacuum  arcs. 

Finally,  it  may  be  pointed  out  that  the  combination  of  Fabry- 
Perot  interferometer  with  a  concave  grating  is  impossible,  as  the 
fringes  come  out  in  circles  instead  of  in  straight  lines. 

Institute  of  Physical  and  Chemical  Research 
Tokyo,  Japan 
July  2<S.  1922 


THE  EXPLOSION  SPECTRA  OF  THE  ALKALINE 

EARTH  METALS 

By  R.  a.  SA\VYER  and  A.  L.  BECKER 

ABSTRACT 

Modification  of  Anderson's  exploded  wire  source  of  light. — In  1920  Anderson  obtained 
extremely  high  temperature  spectra  of  certain  metals  by  discharging  a  large  con- 
denser through  fine  metal  wires.  The  authors  have  found  that  the  metal  wire  may  be 
replaced  by  an  asbestos  fiber  saturated  with  an  aqueous  solution  of  a  salt  of  the  chosen 
metal.  _  Thus  tlie  explosion  spectrum  of  any  soluble  salt  may  be  obtained.  The  fiber 
is  uninjured  by  the  explosion  and  may  be  used  repeatedly.  With  a  6-foot  grating, 
from  six  to  twenty  explosions  are  necessary  for  a  first-order  spectrogram.  The  con- 
densers (0.3  M.F.)  were  charged  to  40,000  volts  through  a  high  resistance  with  the 
rectified  current  from  a  i-kilowatt  transformer,  and  were  discharged  by  means  of  a 
special  switch.  The  apparatus  and  connections  are  described.  The  temperature 
of  the  explosion  is  probably  about  15,000°  C.  and  the  pressure  10  to  20  atmospheres. 

Explosion  spectra  of  chlorides  of  Ba,  Ca,  Mg,  and  Sr,  X  228o-\  ^550.— When  lines 
due  to  impurities,  Cu,  Zn,  Al,  Pb,  C,  and  N,  are  eliminated,  the  spectra  are  found  to 
be  ahnost  pure  spark  spectra,  consisting  chiefly  of  the  doublets  of  the  first  and  second 
subordinate  series,  2p—md  and  2p—ms.  Of  the  arc  lines,  only  the  fundamental  singlet 
line,  1S—2P,  appears  and  its  intensity  with  reference  to  the  spark  lines  is  only  one- 
tenth  as  much  as  in  the  vacuum  arc  and  about  the  same  as  in  the  spectra  of  the  solar 
chromosphere  and  of  class  B  stars.  The  first  member  of  the  Bergman  doublet  series 
of  ]Mg.  2,d—^f,  X  4481,  appears  and  also  a  line  of  Ba,  X  4350,  whose  series  relation  is 
unknown.  No  lines  of  CI,  H,  or  0  were  detected.  The  prominence  of  impuritv  lines 
shows  how  small  an  amount  of  material  is  needed  to  give  explosion  spectra. 

Relation  of  explosion  spectra  to  the  theory  of  spectra. — According  to  Saha's  theory, 
the  metals  used  would  be  ionized  at  the  expense  of  the  less  readily  ionized  CI,  H,  and  O; 
in  fact  at  15,000°  C.  the  alkali  earths  should  be  ahnost  completely  ionized.  Hence, 
according  to  Sommerfeld,  the  explosion  spectra  should  be  ahnost  pure  spark  spectra. 
These  conclusions  agree  with  the  facts.  The  faint  arc  lines  may  be  emitted  during  the 
initial  and  final  stages  of  the  explosion.  The  Bergman  line  indicates  an  approach 
toward  double  ionization. 


I.      INTRODUCTION 


In  1920  Dr.  J.  A.  Anderson''  announced  a  new  method  of  pro- 
ducing spectra.  This  method  consists  of  exploding  a  short  fine 
wire  of  the  metal  chosen  by  discharging  through  the  wire  a  large 
condenser  charged  to  several  thousand  volts.  If  the  explosion 
takes  place  in  a  confined  space  an  absorption  spectrum  is  produced; 
while  if  the  explosion  occurs  in  the  open  air  or  in  a  partial  vacuum 
the  spectrum  partakes  more  of  the  nature  of  an  emission  spectrum. 
The  exact  t)qDe  of  spectrum  produced  depends,  however,  upon  other 
factors  besides  the  pressure. 

^  Astro  physical  Journal,  51,  37,  iq2o. 
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One  of  the  interesting  features  of  this  source  of  hght  is  that  it 
enables  a  very  powerful  stimulus  to  be  appHed  very  abruptly  to 
the  molecules  of  an  element.  It  is  thus  possible  to  study  spectra 
under  conditions  widely  different  from  those  obtaining  in  most 
laboratory  sources. 

In  the  course  of  some  investigations  with  these  explosions,  which 
have  been  briefly  reported  elsewhere/  a  modification  of  Anderson's 
source  was  announced.  The  fine  wire  used  by  Anderson  is  replaced 
by  a  fine  asbestos  fiber  which  is  saturated  with  a  solution  of  some 
salt  of  the  desired  metal.  When  the  high  tension  condensers  are 
discharged  through  this  saturated  fiber,  with  the  fiber  in  the  open 
air,  an  emission  spectrum  is  obtained  characteristic  of  the  metaUic 
ions  in  the  solution. 

It  is  the  purpose  of  this  paper  to  discuss  the  spectra  produced 
by  exploding,  in  this  manner,  solutions  of  the  alkali  earth  metals. 

n.      THE  APPARATUS 

The  apparatus,  as  used,  differed  in  several  minor  respects  from 
that  described  by  Anderson.  Changes  were  made  with  a  view  to 
greater  convenience  and  efl&ciency  and  are  perhaps  worth  describing 
briefly. 

The  condensers  were  built  up  of  sheets  of  double  strength  vvindow 
glass,  10X12. 5",  alternating  with  sheets  of  roofing  tin,  8X10". 
The  tin  sheets  were  pressed  and  their  edges  carefully  smoothed. 
Tabs  on  the  corners  of  the  tin  sheets  projected  alternately  on 
either  side  of  the  pile  and  were  bolted  together.  The  condensers 
were  built  up  in  piles  of  sixteen  tin  plates  and  firmly  tied  with  cord. 
Sixteen  such  piles  were  constructed.  The  condensers  thus  obtained 
were  placed  in  pairs  in  large  glass  battery  jars  and  covered  with 
transil  oil.  The  total  capacity  thus  obtained  was  of  the  order  of 
0.3  M.F.  The  advantage  of  such  a  condenser  is  that  its  units  are 
readily  portable  and  easily  repaired  in  case  of  rupture — no  small 
advantage  in  the  present  work  since  the  voltages  used  were  near  the 
rupture  voltage  of  the  dielectric  and  transient  surges  sometimes 
resulted  disastrously  to  the  glass  plates. 

The  charging  voltage  was  obtained  from  a  50,000-volt  i-kilowatt 
transformer.     The  primary  of  this  transformer  was  fed  with  a  1 10- 

^  Science,  54,  305,  1921. 
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volt  alternating  current  obtained  from  the  200-volt  alternating 
current  power  line  of  the  university  by  use  of  a  second  transformer. 
The  second  transformer  was  employed  to  protect  the  university 
power  circuits  from  the  possibility  of  high  frequency  transient  surges. 
Rectification  was  obtained  by  means  of  a  100,000-volt  loo-milli- 
ampere  kenotron. 


l^^rtTi 


The  discharge  circuit  was  closed  by  means  of  a  heavy  single 
pole,  single  throw-knife  switch  immersed  in  transil  oil.  A  heavy 
spring  served  to  close  this  switch  rapidly.  It  was  held  open  by  a 
trigger  device  while  the  condensers  were  charging.  A  lever  was 
arranged  so  that  a  single  pull  released  the  trigger  holding  the 
switch  open,  opened  the  primary  circuit  of  the  high  voltage  trans- 
former, and  opened  the  high-voltage  charging  circuit. 

The  electrical  circuit  is  shown  diagrammatically  in  Figure  i. 
The  features  described  above  will  be  noted.  There  is  shown,  also, 
a  water  rheostat  which  was  used  to  keep  down  the  charging  current 
and  protect  the  kenotron.  The  water  rheostat  consisted  of  a  glass 
tube,  about  5  mm  bore  and  1 20  cm  long.  Its  resistance  was  so 
high  that  several  seconds  were  required  to  charge  the  condensers. 


EXPLOSIOX  SPECTRA  OF  THE  ALKALI  EARTHS  lOi 

The  leak  resistance,  A,  was  made  from  a  piece  of  Xo.  30 
Xichrome  wire  about  3  m  long.  It  allowed  any  absorbed  charge 
on  the  condensers  or  any  charge  that  did  not  escape  in  the  first 
surge  across  the  asbestos  fiber  to  leak  off  gradually.  Its  resistance, 
65  ohms,  was  sufficiently  high  so  that  only  an  inappreciable  part  of 
the  first  surge  escaped  through  it.  ■ 

The  inductances,  Li  and  L2,  consisted  merely  of  twenty-five  turns 
of  wire.  They  were  intended  to  act  as  choke  coUs  to  stop  any  high 
frequency  oscillations.  To  reduce  further  the  possibility  of  damage 
by  high  frequency  oscillations  a  220-volt  carbon  lamp,  B,  was 
shunted  across  each  half  of  the  secondary  of  the  transformer,  T^, 
between  the  ground  and  the  outside  terminals. 

The  fibers  were  supported  on  an  insulating  stand  which  could 
be  adjusted  both  vertically  and  laterally  by  rack-and-pinion  move- 
ments. The  upper  end  of  the  fiber  was  held  in  a  brass  clamp  on 
the  stand  while  the  lower  end  rested  against  a  brass  finger. 

The  spectra  were  photographed  with  a  6-foot  concave  grating, 
Rowland  mounting.  The  first-order  spectrum  was  used,  with  a 
dispersion  of  9.4  A  per  mm.  A  region  of  about  700  A  could  be 
photographed  on  the  plates  employed. 

The  explosions  were  focused  on  the  slit  with  a  quartz  or  glass 
lens,  as  the  spectral  region  demanded.  The  adjustment  was  made 
as  described  by  G.  A.  Hemsalech.^  A  light  was  placed  behind  the 
fiber  to  illuminate  it  and  the  image  of  the  illuminated  fiber  was 
focused  on  the  slit  by  the  aid  of  the  vertical  and  lateral  adjustments 
of  the  fiber  mounting.  It  is  difficult  to  make  this  adjustment  with 
great  accuracy  and  so  a  rather  wide  slit  had  to  be  used.  A  wide  slit 
was  useful  also  in  reducing  the  number  of  explosions  necessary. 

in.      PROCEDURE 

To  take  a  spectrogram  the  fiber  was  saturated  with  an  aqueous 
solution  of  some  salt  of  the  desired  metal;  the  fiber  was  focused 
on  the  sHt  as  described,  the  switch  5  opened,  and  the  high-tension 
lead  attached  to  it  by  a  spring  clip;  and  the  switches  A'l  and  Kj 
closed.  A  few  seconds  were  allowed  for  the  condensers  to  charge. 
The  lever  was  then  pulled  which  simultaneously  opened  the  switch 

'  Philosophical  Magaziiir,  40,  37,  1920. 
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K2  and  released  the  trigger  on  S.  As  the  blade  of  S  descended,  the 
sprmg  clip  of  the  high-tension  lead  was  pulled  off.  When  the 
switch  closed,  the  charge  of  the  high-tension  condenser  was  dis- 
charged through  the  fiber,  with  a  sharp  crack  and  a  briUiant  flash. 
The  fiber  was  uninjured  by  these  discharges  and  could  be  moistened 
and  the  procedure  repeated.  From  six  to  twenty  such  explosions 
were  required,  the  number  varying  with  the  spectral  region. 

The  copper  arc  was  used  as  a  comparison  to  aid  in  the  identifica- 
tion of  the  spectra.  The  copper  arc  was  particularly  useful  in  this 
work  as  copper,  from  the  brass  clamps  that  hold  the  fiber,  is  the 
principal  impurity  in  the  spectra.  The  plates  were  measured  on  a 
small  comparator  and  the  wave-lengths  computed  to  tenths  of 
angstroms.  Greater  accuracy  was  rendered  difiicult  by  the  char- 
acter of  the  lines ;  because  of  the  width  of  the  slit  and  because  of  the 
high  pressure  and  gaseous  velocities  in  the  explosion,  the  Unes  were 
rather  broad.  The  problem,  however,  was  principally  one  of  identi- 
fication and  the  accuracy  attained  was  sufficient  for  that. 

IV.      DATA 

By  the  use  of  aqueous  solutions  of  their  chlorides,  photographs 
were  taken  of  the  spectra  of  calcium,  magnesium,  barium,  and 
strontium.  The  region  X  2280-X4550  was  completely  covered  for 
calcium,  while  of  this  range  the  region  X  338  i-X  3890  for  magnesium 
and  barium,  and  X  3381-X  4550  for  strontium  was  not  covered. 

The  chief  impurities  in  the  spectrograms  are  copper  and  zinc 
from  the  brass  clamps,  as  mentioned.  There  also  appeared  the 
strong  aluminum  pair,  X  3944  and  X  3961,  the  lead  fine  at  X  4058, 
carbon  at  X  2479,  and  nitrogen  at  X  3995  and  X  4447.  A  striking 
fact  is  that  in  the  spectrum  obtained  from  a  salt  of  any  one  of  the 
four  metals  used  there  always  appear  many  of  the  strong  lines  of 
the  other  three  and  of  cadmium  which  is  also  a  member  of  this  group 
of  metals.  Although  no  great  eftort  was  made  to  secure  purity  of 
the  salts  used,  the  other  metals  of  the  group  could  have  been  present 
in  the  solutions  only  in  very  minute  quantities.  This  source  seems 
to  be  effective  in  producing  spectra  of  substances  which  are  present 
in  the  solution  only  in  extremely  low  concentrations.  It  is  of  interest 
to  note  that  no  lines  due  to  the  acid  radical  employed,  chlorine,  nor 
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any  lines  of  hydrogen  or  oxygen  have  been  identified.  If  any  radia- 
tions of  these  elements  were  produced,  their  intensities  were  too  low 
to  register  with  the  exposures  used. 

The    wave-lengths    of     calcium,    magnesium,     barium,     and 
strontium,  remaining  after  the  elimination  of  the  known  impurities, 

TABLE  I 
Wa\'e-Lexgths  IX  Explosion  Spectra  of  the  Alkali  E.\rths 


CaCh 

MgCU 

SrCL 

BaCL 

Trce 

Wave- 
Length 

■ 
Inten- 
sity 

Wave- 

Length 

Inten- 
sity 

Wave- 
Length 

Inten- 
sity 

Wave- 
Length 

Inten- 
sity 

Iden.        W.wt- 

,    Lexgth 

2585.8 
2592.6 
2606 . 5 

0 
0 
0 
0 

I 
I 
I 

3 

10 
8 

I 
2 

3 

I 

I 

13 

17 

8 

10 
12 

:> 

3 
? 

> 

2612.7 
2630.7 

2739-3 
2756.0 
2790.8 
2796.5 
2802 . 8 
2852.6 
2928.6 
2936.9 
■^107. :; 

2755.7 
2790.8 
2796.5 
2802.7 
2852.2 
2928.6 
2936.8 

I 

5 

12 
8 

I 
2 
2 

2  755-8 
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2796.8 
2802.6 
2852.2 
2928.6 
2936-8 

I 

5 
12 

7 
I 
I 

I 
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2796.7 

i28o2.8 

4 

10 
6 

Mg 
Mg 
Mg 

2790.80 

2795.53 
2802.69 

Mg       2928.64 

? 

3126.5 
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3180.7 
33S0.7 
3706.1 
3737.0 
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3381-0 

6 
8 

I 
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31S0.7 
3381-0 

5 
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8 

Ca 
Ca 

Sr 

3158.88 
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^380  8 

Ca       3706.03 
Ca     1  3736.91 
Ba     1  3891.79 

Ca   :  3933.67 

Ca       3968.48 
Sr       4077-75 
Ba       4130. 68 
Ba       4166.02 

3891.9 

15 

3933  7 
3968.5 

25 
20 

4078.0 

4130.7 
4166.0 

10 

20 

7 

4212.0 

2 

I 

4215.9 

3 

4215.6 
4226.7 
4350.4 

7 
4 
3 

Sr       4215-52 
Ca       4226. 72 

4226.7 

3 

4227.0 

I 

Ba       4350.38 
Mg       4481.17 
Ba       4524.95 
Ba       /i-t^.oj. 

4481.0 

7 

4481. I 

15 

4525-1 
4554-0 

7 
30 

are  tabulated  in  Table  I.  Here  are  listed  for  each  salt  used  the 
wave-lengths  obtained,  and  the  intensity,  source,  and  exact  wave- 
length in  International  Units  of  each  Hne.  It  will  be  noted  that 
there  are  several  unidentified  fines,  chiefly  in  the  shorter  wave- 
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lengths.  It  was  impossible  to  identify  these  lines  with  the  alkali 
earths  or  any  of  the  impurities  detected.  As  they  may  be  due  to  any 
of  a  half-dozen  or  more  elements,  nothing  can  be  said  at  this  time 
as  to  their  source. 

V.      DISCUSSION   OF  DATA 

It  will  be  noted  that  after  the  impurity  and  unidentified  lines 
have   been   eliminated,    strikingly   few   lines    remain.     This   fact 

TABLE  II 

DoxJBLET  Series  of  the  E.\rth  Alkalies* 

First  Subordinate  Series  2 pi— nidi 
2  pi  —  mdi 
2p2—md2 


Element 

Mg 

Ca 

Sr 

Ba 

Ordinal 
Number 

Wave- 
Length 

Intensity 

Wave- 
Length 

Intensity 

Wave- 
Length 

Intensity 

Wave- 
Length 

Intensity 

r 

7485-4 
8564.0 

or 
10635.6 
10052.4 
12084.8 

4166.2 

4130.9 
3892.0 

2641 . 5 
2634.9 

2528.5 

X 

8498.3 

8542.5 
8662.5 

X 

X 

X 

10038.3 
10328.3 
10915.0 

X 
X 

X 

3 

,    2798.0 
2790.8 

12 

5 

X 
X 

X 

f 

3181.4 

3179-5 
3159-0 

17 
17 
13 

34750 
3464.6 
3380.9 

2324.6 
2322.5 
2282.3 

X 

X 

8 

a 
a 
a 

7 
20 

15 
a 

4 

1737.5 
I    1734.7 

X 

X 

c; 

2113.O 
2103.5 

X 
X 

a 

a 

Second  Subordinate  Series  2pi  —  ms 
2p2—ms 


Element 

Mg 

Ca 

Sr 

Ba 

Ordinal 
Number 

Wave- 
Length 

Intensity 

Wave- 
Length 

Intensity 

Wave- 

Length 

Intensity 

Wave- 
Length 

Intensity 

I 

2 

3 

/    2795-5 
\    2802.7 

/   2928.6 
1    2936.5 

/  1753-3 
\  1750.6 

12 

8 

2 
2 

X 
X 

3933-8 
3968.6 

3706.2 
3737-1 

2208.9 
2198.0 

25 
20 

10 
12 

.X- 

X 

4077.9 
4215-7 

4161.9 
4300.6 

2471.7 
2423.7 

IOC 

X 
X 

a 
a 

4554-2 
4934-2 

4525-2 
4900 . I 

2771.6 

2647.4 

30 
X 

7 

X 

a 

a 

<'  =  0n  barium  plate. 

*  These  values  are  taken  from  Fues,  Annalen  der  Physik,  63,  i,  1920. 
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becomes  even  more  striking  when  the  lines  of  the  alkali  earth  metals 
which  do  appear  are  classified  according  to  their  series  relationships, 
as  is  done  in  Table  II.  In  this  table  a  number  in  the  intensity 
column  opposite  a  wave-length  shows  the  relative  intensity  with 
which  the  hne  appeared;  an  "a"  indicates  that  it  did  not  appear 
on  the  plate,  while  an  "a;"  indicates  that  the  line  lies  in  a  region  not 
photographed  in  this  work.  Comparison  of  the  Unes  in  Table  II  with 
those  in  Table  I  shows  that,  with  one  exception  in  the  case  of  barium, 
one  in  calcium,  and  two  in  magnesium,  all  of  the  hues  are  members 
of  the  first  and  second  subordinate  series  of  the  respective  metals. 

It  will  be  seen  that  the  first  two  members  of  each  series  for  each 
metal  appear,  if  they  lie  in  the  region  photographed.  In  the  few 
cases  where  higher  members  of  the  series  lie  in  the  region  covered, 
they  did  not  appear  on  the  photograph— probably  because  of  the 
usual  decrease  in  intensity  with  increasing  ordinal  number  in  series. 

Such  a  spectrum  for  the  alkali  earths  is  of  course  wholly  differ- 
ent from  that  produced  by  ordinary  laboratory  sources.  In  the 
usual  spark  spectrum,  members  of  the  triplet  and  singlet  series  appear 
with  intensities  of  the  same  order  as  those  of  the  lines  of  the  doublet 
series.  (See  for  example  the  tables  V  and  VI  of  this  paper.) 
Nelthorpe,'  however,  using  metallic  salts  in  a  discharge  tube, 
obtained  results  for  calcium,  barium,  and  strontium  quite  similar 
to  these  in  the  region  X  6500-X  3400. 

VI.   CORRELATION  OF  DATA  AND  THEORY 

The  explanation  of  such  a  spectrum  as  has  been  described  above 
is  readily  found  in  the  modern  theories  of  atomic  structure  and 
spectral  emission.  Bohr  has  pointed  out  that,  due  to  quantum 
changes  of  one  of  its  outer  electrons,  a  neutral  atom  will  emit  a 
spectrum  which  is  called  the  "arc"  spectrum.  An  ionized  atom, 
however,  has  an  effective  nuclear  charge  -\-2e  now  acting  on  the 
outer  electron,  instead  of  -\-e  as  in  the  former  case,  and  will  conse- 
quently emit  a  totally  different  spectrum  known  as  the  "spark" 
spectrum. 

Sommerfeld^  has  stated  in  his  "  Verschiebungssatz "  that  the 
"spark"  spectrum  of  any  element  is  similar  in  series  structure  to  the 

'  Aslrophysical  Journal,  41,  16,  1915. 

^  Sommerfeld,  Atombau  mid  Spektrallinien,  3d  ed.,  chap.  \i. 
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"arc"  spectrum  of  elements  in  the  preceding  column  of  the  periodic 
table.  He  has  further  pointed  out  that  for  the  alkali  earths  the 
"spark"  spectrum  consists  of  the  Hnes  of  the  doublet  series,  while 
the  triplet  and  single  line  series  comprise  the  "  arc  "  spectrum.  The 
"arc"  spectrum  of  the  alkalies,  then,  consists  of  doublets,  while 
the  "  spark  "  spectrum  of  the  alkaUes  is  a  compHcated  spectrum  with- 
out known  series,  similar  to  the  spectra  of  the  noble  gases.  Labora- 
tory evidence  in  support  of  the  "  Verschiebungssatz  "  has  been  rather 
meager.  Goldstein,^  by  means  of  a  powerful  excitation,  succeeded 
in  producing  spectra  of  the  alkaHes,  in  which  the  usual  doublet 
spectra  were  entirely  missing,  and  which  by  their  complexity, 
resembled  the  spectra  of  the  noble  gases.  It  seemed,  therefore, 
that  he  had  not  only  succeeded  in  producing  the  "spark"  spectrum 
of  the  alkahes,  but  in  doing  so  had  so  completely  ionized  the  emitting 
atoms  that  the  "  arc  "  spectrum  was  wholly  absent.  For  the  alkaUes, 
it  was  then  possible  to  produce  at  will  either  the  "arc"  or  the 
"spark"  spectrum. 

The  spectra  produced  in  these  experiments,  it  will  be  seen,  then, 
are  almost  pure  "spark"  spectra  of  the  alkaH  earths.  They  do  for 
the  alkah  earths  what  Goldstein  did  for  the  alkalies.  They  show 
that  it  is  possible  to  produce  for  these  metals  the  "spark  spectrum" 
with  practically  no  trace  of  the  "arc"  hnes. 

It  is  possible  to  carry  farther  the  apphcation  to  the  spectra  at 
hand  of  the  quantum  theory  of  emission.  In  the  source  under 
discussion  a  considerable  energy,  50  calories  or  so,  was  appHed  to 
I  or  2  milligrams  of  material.  The  effect  was  to  heat  the  material 
very  quickly  to  an  extreme  temperature,  estimated  by  Anderson 
at  20,000°  in  his  case.  This  heating  is  so  abrupt  and  its  dissipa- 
tion so  rapid  that  it  seems  not  unreasonable  to  say  that  the 
emission  takes  place  principally,  if  not  entirely,  at  this  high 
temperature.  The  reason  for  thinking  this  to  be  the  case  will  be 
apparent  later. 

Dr.  M.  N.  Saha  in  several  recent  papers  has  discussed  the 
temperature  radiations  of  gases.^     Saha's  work  has  been  amended 

'  Verh.  d.  D.  Phys.  Ges.,  10,  321,  1907. 

^Philosophical  Magazine,  41,  267,  1921,  and  Proceedings  of  the  Royal  Society 
Series  A,  99,  135,  1921. 
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and  extended  by  Russell^  and  Milne.^  The  conclusions  of  these 
writers  would  seem  to  be  applicable  to  the  explosion  spectra.  In 
brief  they  are  as  follows  (to  a  large  extent  Saha's  wording  is  fol- 
lowed) . 

An  atom,  cool  and  unstimulated,  has  its  vibrating  electron  in 
the  i5-orbit.  Such  an  atom  or  mass  of  atoms  does  not  emit  and 
can  absorb  only  lines  of  the  principal  series,  v  =  is—mp.  If  the 
atoms  are  heated,  the  vibrating  electron  proceeds  toward  ionization 
through  the  various  quasi-stationary  states  and  radiation  occurs. 
First  we  have  emission  of  is  —  2p  lines  and  then  of  is  —  mp  or  prin- 
cipal series.  When  the  gas  emits  the  line  is  —  2p  strongly  it  can 
absorb  the  lines  of  the  ip  —  md  and  2p  —  ms,  diffuse  and  sharp  series. 
At  a  higher  temperature,  the  2p  —  md  and  2p—ms  lines  begin  to  be 
emitted  and  the  3(/— 4/  or  fundamental  series  can  be  absorbed. 
Thus,  as  the  heating  of  the  atoms  continues,  the  electron  proceeds 
toward  ionization,  being  able  progressively  to  absorb  and  to  emit 
series  corresponding  to  higher  and  higher  levels  of  energy. 

The  theory  is  not  sufficiently  developed  to  permit  the  calcula- 
tion of  the  proportion  of  atoms  in  the  various  quasi-stationary  states 
but  the  quaHtative  situation  is  clear.  The  temperature  at  which 
the  fundamental  line  is  —  2p  is  emitted  and  the  2^-orbits  commence 
to  form  wiU  be  higher,  the  higher  the  ionization  potential  of  the 
element.  Other  orbits  appear  at  temperatures  intermediate 
between  this  temperature  and  the  temperature  at  which  ionization 
is  complete.  At  any  state,  the  proportion  of  atoms  at  any  energy 
level  will  be  smaller,  the  higher  the  quantum  number  corresponding 
to  this  stage.  Thus  the  is  —  2p  and  is  —  mp  series  will  be  the 
first  to  appear,  the  last  to  disappear,  and  the  most  intense  always. 
The  2p—md,  2p  —  ms,  and  other  series  will  appear  later,  disappear 
sooner,  and  be  weaker.  The  disappearance  of  is  —  2p  marks  com- 
plete ionization. 

After  the  first  step  ionization  is  completed,  if  heating  of  the  mass 
of  atoms  continues,  the  singly  ionized  atoms  then  proceed  toward 
double-ionization  through  the  same  cycle  of  processes  described 
for  the  un-ionized  atoms.     The  series  in  question  will  of  course  now 

^  Astrophysical  Journal,  55,  119,  1922. 
^Observatory,  46,  261,  1921. 
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be  the  series  of  the  "spark "  spectrum.    As  before,  the  series  emitted 
will  afford  an  index  of  the  energy  conditions  of  the  mass  of  atoms. 

Although  it  is  impossible  to  compute  the  proportion  of  atoms  in 
various  stages,  Saha  has  pointed  out  that  the  proportions  of  ionized 
and  un-ionized  atoms  may  be  computed  on  the  basis  of  modern 
thermodynamics  by  the  aid  of  the  Nernst  theorem  of  the  reaction- 
isochore.     The  equation  for  computing  the  percentage  of  ionization 


IS 


log 


i—x^ 


P  = 


U 


4-571  T 


■f2.5  logr-6.5 


where  x  is  the  fraction  of  atoms  ionized,  P,  the  gaseous  pressure, 
r,  the  temperature,  U,  heat  of  dissociation,  or  calories  to  ionize  one 
gram-atom. 

Also 

eVN 

U  =  ^ =2  .302  .10"  V  calories  , 

/300 

where  e  is  charge  on  the  electron,  V,  ionization  potential  in  volts, 
/,  mechanical  equivalent  of  heat,  TV,  Avogadro's  number. 

The  percentage  of  ionization  is  determined  by  the  pressure, 
temperature,  and  ionization  potential  and  may  readily  be  com- 
puted. 

Table  III  gives  for  the  alkah  earths  the  values  of  the  ionization 
potential  and  of  the  heat  of  dissociation. 

TABLE  III 


Element 


Magnesium 
Calcium .  . . 
Strontium . 
Barium.  .  . 


Ionization 
Potential 


7-65 
6. 12 
5-7 
5-12 


U  in  Calories 


I.761X10S 
1.409X10S 
I.313X10S 
I.178X10S 


Table  IV  gives  the  values  computed  by  Saha  for  the  percentage 
of  ionization  of  the  alkaH  earths  at  a  pressure  of  one  atmosphere 
at  various  temperatures. 

Saha  has  extended  his  theory  to  second-stage  ionization  also. 
Corrections  to  his  formulae  have  been  pointed  out  by  RusseU  and 
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by  IMilne  {loc.  cit) .  The  extent  of  second-stage  ionization,  however, 
need  not  be  considered  here  since  the  spectroscopic  criteria  of  such 
ionization  are  as  yet  unknown. 

Russell  (loc.  cit.)  has  shown  that  if  atoms  of  several  kinds  are 
heated  together  it  is  possible  to  compute  the  fraction  of  each  kind 
ionized  at  any  temperature  and  pressure.  In  general  it  may  be 
said  that  if  an  element  is  more  easily  ionized  than  the  average, 
its  percentage  of  ionization  will  be  greater  than  if  it  alone  were 
present.  For  elements  whose  ionization  potential  is  greater  than 
the  average,  the  reverse  will  be  the  case. 

TABLE  IV 


Temperature  of  Element 

5000 

6000 

7000 

8000 .  . 

9000 

10,000 

1 1 ,000 

12.000 

13,000 

14,000 

15,000 

16.000 


Mk 

Ca 

Sr 

5.10-= 

2 

3-2 

2 

8 

1.5 

6 

23 

32 

17 

46 

58 

34 

70 

79 

56 

85 

90 

75 

93 

95 

86 

96.5 

97-5 

9,3 

98.5 

98.5 

96 

Complete  lonizc 

98 

99 

Ba 


5-5 
I^ 
43 

70 

85 
93 


It  is  now  possible,  at  least  quahtatively,  to  apply  the  theory 
discussed  above  to  the  spectra  under  consideration.  The  solutions 
used  were  aqueous  solutions  of  chlorides  of  the  alkali  earths.  The 
effect  of  the  explosions  was  to  dissociate  these  chlorides  and  the 
water  and  to  heat  the  resultant  atoms  to  a  high  temperature. 
Since  hydrogen,  oxygen,  and  chlorine  each  have  higher  ionization 
potentials  than  any  of  the  alkali  earth  metals,  the  alkali  earths  were 
ionized  at  the  expense  of  these  other  constituents  and  to  a  greater 
extent  than  they  would  have  been  if  the  material  exploded  had 
consisted  of  an  equal  amount  of  the  pure  metals.  The  effect  of 
the  explosion  is  not  wholly  one  of  temperature — the  electric  effects, 
however,  probably  act  to  further  the  work  of  the  temperature. 

The  exact  temperature  and  pressure  obtained  are,  of  course, 
unknown.  Anderson  estimated  from  the  intrinsic  brilliancy  that 
the  temperature  attained  was  of  the  order  of  20,000°  C.     From  two 
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different  considerations  he  inferred  that  the  pressure  attained  from 
an  explosion  in  a  slot  in  a  block  of  wood  was  of  the  order  of  20 
atmospheres.  Since  the  explosions  here  discussed  took  place  in  the 
open  air,  both  pressure  and  temperature  were  probably  somewhat 
less,  although  the  voltage  used,  40,000  volts,  was  higher  than  that 
used  by  Anderson.  It  must  be  remembered,  moreover,  that  in  the 
case  of  the  exploded  solutions  the  pressure  to  be  used  in  computing 
the  degree  of  ionization  of  an  element  is  the  partial  pressure  of  that 
element  which  is  much  less,  of  course,  than  the  total  pressure  of  the 
explosion.  It  is  probably  safe  to  assume  that  throughout  these 
experiments,  the  temperature  attained  and  the  partial  pressure  of 
the  major  constituents  were  in  each  case  of  the  same  order  of  magni- 
tude. That  is,  we  deal  here  with  spectra  of  the  alkali  earths  pro- 
duced all  under  approximately  the  same  conditions. 

Examination  of  Table  IV  will  show  that  at  a  temperature  of 
15,000°  and  a  pressure  of  one  atmosphere,  ionization  of  each  of  the 
alkali  earths  is  practically  complete.  At  higher  temperatures  or 
lower  pressures  the  certainty  of  complete  ionization  is,  of  course, 
greater.  These  figures  are  chosen  in  the  belief  that  they  are  at  least 
of  the  right  order  of  magnitude. 

Spectroscopic  evidence  that  complete  ionization  had  been 
attained  in  these  explosions  would  be  the  complete  suppression  of 
the  "arc"  spectrum  and  the  appearance  of  only  the  "spark"  spec- 
trum. As  pointed  out  above,  the  last  arc  line  to  disappear  is  1S—2P; 
its  disappearance  indicates  complete  ionization.  For  the  alkali 
earths  the  fundamental  hne,  1S  —  2P,  of  the  single  line  spectra  has 
the  following  value  for  the  various  elements: 

Magnesium 2852. 13 

Calcium 4226.  72 

Strontium  4607 .  34 

Barium SS3S-6o 

The  line  X  4226.72  is  the  only  calcium  line  in  Table  I  which  is 
not  a  member  of  either  the  first  or  second  subordinate  doublet 
scries.  Its  intensity,  3,  is  only  one-eighth  that  of  the  fundamental 
doublet  pair,  X  3968  and  X  3934.  The  weakness  of  X  4227  and  the 
absence  of  all  other  "arc"  lines,  shows  how  nearly  all  radiation 
lakes  place  froni  ionized  atoms. 
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In  the  magnesium  spectrum  are  only  two  lines  which  do  not 
appear  among  the  doublets  of  Table  I.  One  of  these  lines  is  the 
fundamental  singlet  line,  X  2852,  which  appears  with  one-tenth  the 
intensity  of  the  fundamental  doublet  pair.  The  other  line,  X  4481, 
is  the  unresolved  first  member  of  the  Bergman  doublet  series,  3^ —4/. 
Its  emission,  as  pointed  out  above,  denotes  the  presence  of  radiating 
atoms  in  an  even  higher  energy  state  than  the  atoms  which  emit  the 
sharp  and  diffuse  series. 

The  lines  iS—mP  of  strontium  and  barium  unfortunately  do 
not  lie  in'  the  region  photographed  in  this  work.  However,  these 
lines,  if  they  appeared,  would  be  expected  to  be  relatively  fainter 
even  than  the  corresponding  lines  of  calcium  and  magnesium  (since 
the  heats  of  dissociation  of  strontium  and  of  barium  are  less  than 
those  of  calcium  and  magnesium).  The  appearance  of  the  line, 
X  4350,  the  only  barium  line,  not  in  the  sharp  or  diffuse  doublet 
series,  is  puzzling.  This  has  been  classed  as  an  "  arc  "  Hne  of  barium ; 
that  is,  its  intensity  is  greater  in  the  ordinary  arc  than  in  the  spark. 
It  does  not  seem  to  have  been  fitted  into  any  of  the  known  barium 
series  and,  therefore,  no  criterion  exists  for  explaining  its  appear- 
ance. 

With  the  exception  of  the  barium  line,  X  4350,  the  explosion 
spectra  of  the  alkali  earths  consist  of  the  fundamental  singlet  line, 
1S  —  2P,  and  of  the  doublet  or  "  spark"  lines.  There  would  seem  to 
be  two  possible  explanations  of  the  persistence  of  the  fundamental 
"arc"  Hne.  First,  the  pressure  and  temperature  conditions  may 
not  be  sufiiciently  extreme  to  produce  complete  ionization.  In  this 
case  it  is  evident  that  conditions  in  the  explosion  source  as  here  used 
must  be  similar  to  those  pointed  out  by  Saha'  as  existing  in  class  A2, 
A,  B9,  B8  stars;  that  is,  calcium  and  magnesium  are  almost  wholly 
ionized  although  X  4227  of  calcium  still  persists.  The  second  pos- 
sible explanation  is  that,  since  we  start  with  our  material  to  be 
exploded  at  a  normal  temperature  and  the  final  temperature  and 
pressure  cannot  be  built  up  instantly,  some  of  the  radiation  of  the 
neutral  atom  may  appear  while  the  atoms  are  being  brought  to  their 
final  ionized  condition.  If  so,  then,  as  pointed  out  above,  the  fines 
1S—2P  wiU  predominate  in  the  arc  spectrum. 

'  Proc.  Roy.  Soc,  A,  99,  135,  ig2i. 
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The  effect  of  electrolytic  dissociation,  which  of  course  exists 
in  the  solution  used,  somewhat  complicates  the  situation.  It  is 
hard  to  say  what  effect  the  electronic  rearrangements  of  dissocia- 
tion may  have  on  the  radiation  produced.  Some  evidence  on  this 
point  is  afforded  by  some  spectrograms  taken  of  the  explosions  of 
fine  magnesium  and  calcium  wires.  The  results  so  obtained  are 
wholly  similar  to  the  results  with  exploded  solutions  of  magnesium 
and  calcium.     In  general  the  1S  —  2P  line  is  not  so  much  weakened 

TABLE    V 

Ionization  of  Magnesium 


Source 


King's  electric  furnace .  .  . 
Crew  and  McCauley  arc . 
Eder  and  Valenta  spark. 

Fowler  vacuum  arc 

Exploded  wire 

Exploded  solution 


Intensity  of 
X  zygs-X  2803 


8 
10 

50 


Intensity  of 
X28S2 


8 
30 


Ratio  of 
Intensities 


o.» 

I.  2 
1-7 

10. o 


TABLE  VI 

Ionization  of  Calcium 


Source 

King's  electric  furnace .  . 
Crew  and  McCauley  arc 

Lockyer  spark 

Loving  vacuuin  arc .... 

Exploded  wire 

Exploded  solution 

Chromosphere  of  sun .  .  . 
Stars  of  type  B 


Intensity  of 
X  3933-X  3968 


55 
400 
500 

20 

ID 

25 


Intensity  of 
X  4226 


1000 

SOD 
400 

8 


Ratio  of 
Intensities 


OS 


in  the  exploded  wire  spectra  as  in  the  exploded  solution.  This 
fact  may  be  due,  however,  to  the  lower  partial  pressure  of  the 
metal  and  the  smaller  amount  of  material  exploded  in  the  solution ; 
both  of  these  factors  would  tend  toward  more  complete  ionization. 
The  effect  of  dissociation  would  then  appear  to  be  negligible. 

For  the  purposes  of  comparison  there  are  given  in  tables  V  and 
VI  data  on  the  ratio  of  the  intensities  for  different  sources  of  the 
fundamental  spark  doublet,  is-2p,  to  the  fundamental  arc  singlet 
1S-2P,  for  calcium  and  for  magnesium.     This  ratio  is,  as  pointed 
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out  above,  an  index  of  the  degree  of  ionization  produced  in  any- 
emitting  source.  It  will  be  noted  that  ionization  is  carried  farther 
in  the  exploded  solution  than  in  the  other  sources,  and  that  the 
ionization  produced  in  the  exploded  solution  compares  with  that  in 
the  sun  and  stars  of  class  B. 

In  conclusion  it  may  be  pointed  out  that  the  exploded  solution  as 
source,  discussed  above,  must  contain  a  relatively  small  percentage 
of  un-ionized  atoms.  Only  the  fundamental  single  lines  i5—  2P  and 
the  barium  line,  X4350,  appear  of  the  "arc"  spectrum  and  these 
hnes  are  faint.  It,  of  course,  follows  from  Saha's  theory  that  there 
must  also  be  slight  emission  of  other  arc  lines.  This  emission  was, 
however,  too  weak  to  be  detected  by  the  means  at  hand. 

Further  studies  of  the  spectra  produced  by  this  type  of  dis- 
charge are  now  being  carried  on. 

VII.       SUMMARY 

1.  A  modification  of  Anderson's  exploded  wire  as  source  of  light 
is  developed,  in  which  there  is  exploded,  in  place  of  the  wire,  an 
aqueous  solution  of  any  salt  of  the  desired  metal.  The  method  is 
thus  made  appHcable  to  any  metal,  rather  than  only  to  those  which 
can  be  obtained  in  the  form  of  fine  wires. 

2.  The  application  of  this  source  to  the  alkaH  earth  metals 
produced  for  these  metals  an  almost  pure  "spark"  spectrum. 

3.  The  correlation  of  this  data  with  Sommerfeld's  "Verschieb- 
ungssatz"  and  with  Saha's  theories  of  the  temperature  radiation 
of  gases  is  discussed.  The  data  afford  corroboratory  evidence  for 
both  these  theories. 
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THE  EFFECT  OF  A  PROBABLE  ELECTRIC  FIELD 
ON  THE  BANDS  OF  NITROGEN 

By  SXEH.AJMOY  DATTA 

ABSTRACT 

Broadening  of  nitrogen  positive  bands  in  presence  of  bromine  vapor. — The  partial  pres- 
sure of  bromine  vapor  in  a  discharge  tube  containing  some  air  was  varied  by  immersing 
a  side  tube  in  different  freezing  mixtures.  With  the  lowest  partial  pressure  (  —  78°  C), 
the  bands  were  sharp,  but  as  the  pressure  was  raised  the  bands  showed  evidence  of 
blurring,  especially  the  more  refrangible  ones,  the  effect  increasing  with  the  pressure 
until  for  —5°  C.  even  the  heads  had  disappeared,  leaving  only  diffuse  patches  where  the 
bands  had  been.  Both  the  second  and  third  bands  showed  the  effect,  and  the  bands 
below  X  3900  were  absent  entitely,  though  a  quartz  spectrograph  was  used.  It  is 
suggested  that  the  blurring  may  be  a  Stark  effect  produced  by  the  electric  fields  of  the 
ionized  bromine  atoms.  Though  this  effect  has  not  been  directly  observed  in  the 
laborator}^  it  was  predicted  by  Hettner  from  theoretical  considerations.  The  similar 
blurring  due  to  increased  pressure  in  pure  nitrogen  may  also  be  a  Stark  effect.  However, 
the  cyanogen  band  was  unaffected  by  the  bromine. 

Suggested  explanation  of  displacement  of  bands  by  pressure  of  foreign  gas. — The  dis- 
placements obser\-ed  by  Dufour  and  Clinkscales  in  the  case  of  the  bromine  and  sodium 
bands  may  also  be  a  Stark  effect  due  to  the  electric  field  of  the  ionized  atoms  of  the 
foreign  gas,  even  though  the  effect  has  not  yet  been  obser\'ed  for  any  bands  in  the  lab- 
orator)'. 

I.      INTRODUCTION 

It  is  well  known  that,  beside  the  characteristic  line  and  band 
spectra,  the  majority  of  elements  emit  under  proper  conditions  a 
continuous  spectrum,  which  has  not  been  resolved  into  fine  lines 
by  the  highest  dispersion  used.  It  has  also  been  definitely  proved 
that  some  of  these  continuous  spectra — especially  those  of  the 
halogens — do  not  belong  to  the  class  of  radiation  emitted  by  glowing 
hot  bodies.  No  satisfactory  explanation,  however,  has  yet  been 
given.  Lately,  a  possible  suggestion  has  been  made  by  Professor 
J.  Franck,^  who  considers  the  continuous  spectra  to  be  the  type  of 
radiation  one  would  expect  during  the  formation  of  negative  ions 
(a toms-f electrons).  From  the  frequency  Vo  of  the  head  of  the 
continuous  spectrum,  which  must  be  on  the  less  refrangible  side, 
according  to  his  theory,  the  energy-  necessary  to  remove  the  addi- 
tional electron  from  the  normal  atom  (i.e.,  the  electron  affinity 
of  the  atom)  can  be  calculated.  From  the  data  furnished  by  W. 
Steubing,^  Franck  has  calculated  the   electron  affinity  of  iodine, 

'  Zeitschrift  fiir  Physik,  5,  42S,  1921.  ^  Annalen  dcr  Physik,  64,  673,  1921. 
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which  appears  to  agree  well  with  the  values  theoretically  deduced 
by  M.  Born.^  Bromine  was  known  to  possess  a  continuous  spec- 
trum, and  it  was  thought  worth  while  to  investigate  whether  this 
could  be  regarded  as  its  electron  afl&nity  spectrum.  Work  on  this 
subject  was  at  first  undertaken  in  the  Physical  Institute  of  Got- 
tingen  University  under  the  direction  of  Professor  Franck, 

2.      EXPERIMENTS 

A  preliminary  investigation  was  undertaken  to  determine  the 
exact  condition  when  the  continuous  spectrum  could  be  obtained  at 
its  brightest.  The  ty^Q  of  discharge  tube  finally  chosen  for  the 
purpose  was  an  ordinary  Jena  glass  tube  of  internal  diameter  about 
1.5  cm,  having  as  the  electrodes  a  platinum  point  and  a  plate  at  a 
distance  of  about  2  cm.  The  discharge  chamber  was  connected  by 
glass  tubes  with  a  side  reservoir  for  bromine.  By  warming  the 
reservoir  sufficient  vapor  was  allowed  to  escape  to  displace  the  air 
in  the  tube.  The  tube  was  then  sealed.  The  pressure  in  the  dis- 
charge chamber  was  conveniently  regulated  by  immersing  the  side 
tube  in  a  Dewar  flask  filled  with  a  pasty  mass  prepared  by  mixing 
sohd  carbon  dioxide  with  acetone.  At  about  —5°  C,  the  color  of 
the  discharge  changed  from  yellow  to  pink,  and  the  discharge  itself 
became  very  steady  but  feeble.  This  pink  discharge  emitted  the 
brightest  continuous  spectrum.  The  discharge  being  very  feeble, 
instruments  of  high  dispersion  could  not  be  used,  and  photographs 
were  therefore  taken  with  a  quartz  spectrograph  giving  a  dispersion 
of  about  32  A  per  mm  at  X  3800. 

The  continuous  spectrum  thus  obtained,  however,  did  not  agree 
well  with  the  description  of  the  electron  affinity  spectrum  as 
demanded  by  the  theory.  The  present  investigation,  therefore, 
fails  to  throw  any  definite  light  on  the  cause  of  the  emission  of  the 
continuous  spectrum. 

In  the  course  of  the  investigation,  however,  a  peculiarity  was 
observed  in  the  nature  of  the  continuous  spectrum.  The  spectrum; 
instead  of  continuously  fading  away,  showed  a  succession  of  maxima 
and  minima  of  intensity,  due  to  the  overlapping  of  strong  diffuse 
patches.     The  position  of  the  patches  suggested  that  they  might 

'  Zeitschrifl  fiir  Physik,  5,  4^^,  ig2i. 
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have  something  to  do  with  the  second  positive  bands  of  nitrogen 
which  occur  in  this  region.  Experiments  were  therefore  made  to 
obsers^e  the  changes  (if  any)  of  these  patches  at  various  pressures 
of  bromine.  It  was  then  found  that  by  immersing  the  side  tube  in 
a  bath  at  —78°  C,  the  discharge  chamber  looked  perfectly  white, 
owing  to  bromine  distilling  over  and  solidifying  in  the  side  tubes. 
The  color  of  the  discharge  turned  into  gray  and  the  spectrum 
(Plate  V,  Fig.  ib)  showed  the  second  positive  bands  of  nitrogen 
prominently,  together  with  a  very  faint  continuous  background 
due  to  bromine.  The  spectrum  has  been  compared  with  that  of  an 
ordinary  nitrogen  tube  for  identification  (Fig.  la).  On  the  con- 
tinuous ground  only  One  diffuse  patch  appeared  (marked  with  a 
black  dot  and  a  pair  of  brackets  in  Fig.  ib),  which  had  no  corre- 
spondence with  the  nitrogen  spectrum.  This  was  subsequently 
identified  with  "the  band  with  ill-defined  edges  due  to  bromine," 
described  by  Strutt  and  Fowler^  in  connection  with  their  investi- 
gations of  the  active  modification  of  nitrogen. 

On  raising  the  temperature  of  the  bath  to  —40°  C,  the  color  of 
the  discharge  tube  became  slightly  yellow,  owing  to  the  increase  in 
the  quantity  of  bromine,  and  the  discharge  changed  from  gray  to 
somewhat  pink.  The  spectrum,  at  this  stage,  showed  a  marked 
change  in  the  overlapping  nitrogen  bands  (Fig.  2b).  Instead  of  all 
the  heads  in  each  group  being  fully  developed,  only  the  less  refran- 
gible head  became  prominent,  and  this  was  followed  by  a  patch  of 
continuous  spectrum.  All  the  bands  were  not  equally  blurred,  and 
the  blurring  increased  on  proceeding  to  the  side  of  short  wave- 
length. At  the  same  time, 'some  of  the  stronger  nitrogen  bands 
(those  beyond  X  3900),  which  lie  outside  the  continuous  spectrum, 
do  not  appear  at  all.  Bromine  vapor  has  an  absorption  band  in 
this  region,  with  the  maximum  about  at  X  4100.  But,  under  the 
condition  of  the  experiment,  when  there  is  so  httle  bromine  pres- 
ent in  the  discharge  tube,  it  was  doubtful  whether  absorption 
alone  could  account  for  the  entire  absence  of  these  bands.  A 
separate  experiment  on  the  absorption  of  such  thin  layers  of 
bromine  fully  supported  the  doubt.  That  absorption  is  not  pos- 
sible, even  when  the  tube  is  excited,  is  shown  by  the  presence  of  a 
few  faint  lines  of  bromine  in  that  region.     In  the  presence  of  the 

^Proceedings  of  the  Royal  Society,  A,  86,  105,  191 2. 
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which  possibly  brings  about  a  resolution  and  displacement  of  the 
nitrogen  bands.  As  the  different  radiating  molecules  of  nitrogen 
are  at  different  distances  from  the  bromine  atoms,  they  will  be 
subjected  to  electric  fields  of  all  values.  Consequently  there  will 
be  all  degrees  of  resolution  and  displacement  of  the  bands,  the 
total  effect  of  which  will  be  to  produce  a  complete  blurring  of  the 
nitrogen  bands.  As  such  blurring  depends  on  the  chances  that  a 
radiating  nitrogen  molecule  will  be  in  the  sphere  of  electrical  action 
of  the  bromine  atom,  it  is  evident  that  the  blurring  would  be  more 
probable  with  the  increase  in  the  number  of  active  bromine  atoms. 
The  fact  that  the  blurring  of  the  nitrogen  bands  increases  with 
the  intensity  of  the  continuous  spectrum  suggests  that  the  active 
bromine  atoms  are  those  that  are  responsible  for  the  radiation  of 
the  continuous  spectrum.  Consequently  it  may  be  suggested  that 
the  mechanism  of  radiation  of  the  continuous  spectrum  of  bromine 
is  somehow  or  other  connected  with  the  formation  of  negatively 
charged  atoms. 

The  Stark  efTect  has  not  been  observed  in  the  case  of  band 
spectra.  In  all  probability,  the  external  electric  field  applied  in 
the  laboratory  is  much  smaller  in  magnitude  than  the  suggested  one 
of  atomic  origin.  The  negative  result  obtained  in  the  laboratory 
is  therefore  not  sufficient  evidence  against  the  suggestion  made  in 
this  paper.  In  addition  the  conclusion  drawn  here  receives  sup- 
port from  the  work  of  Hettner.^  From  theoretical  considerations 
Hettner  has  shown  that  molecular  rotation  must  be  influenced  by 
an  electric  field  and  has  suggested  that  such  influences  should  be 
looked  for  in  the  absorption  bands  of  gases  and  vapors  in  the  infra- 
red region,  these  being  due  to  molecular  rotations.  The  recently 
developed  theory  of  band  spectra  ascribes  the  flutings  of  a 
band  to  molecular  rotations,  their  position  in  the  visible  region 
being  due  to  the  addition  of  a  second  term  giving  the  electronic 
energy  of  the  system.  Consequently  the  resolutions  and  displace- 
ments of  the  flutings  of  the  nitrogen  bands,  resulting  in  a  blurring 
of  the  whole  system,  are  in  agreement  with  Hettner's  suggestions. 

Attention  has  already  been  drawn  to  the  fact  that,  with  the 
emission  of  the  continuous  spectrum,  some  of  the  bands  of  nitrogen 
are  not  at  all  developed,  and  that  among  those  developed  the 

^  Zeitschrijt  fiir  Physik,  2,  4,  349-60,  1920. 
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blurring  increases  as  one  proceeds  to  the  more  refrangible  region. 
For  this  no  explanation  can  be  given,  but  in  the  light  of  the  theory 
of  band  spectra,  as  recently  extended  by  the  author,  it  is  possible 
to  make  an  attempt  at  an  explanation. 

Following  the  suggestion  of  Heuelinger  and  Lenz  that  the 
different  bands,  usually  associated  in  a  group,  are  due  to  the 
quantum  changes  of  atomic  vibration,  it  has  been  shown  that  such 
quantum  states  correspond  to  the  different  degrees  of  dissociated 
states  of  the  molecule  and  that  radiation  takes  place  in  a  change 
from  one  state  to  another.  A  general  equation  has  been  arrived  at 
involving  two  successively  varying  integers  m  and  n,  where  m 
refers  to  the  order  number  of  the  final  state  after  radiation  and  n  to 
the  quantum  changes  in  the  process  of  radiation.  On  arranging 
the  second  positive  bands  of  nitrogen  into  series,  the  more  refran- 
gible bands  are  found  to  correspond  to  the  higher  values  of  m,  i.e., 
to  the  states  of  higher  partial  dissociation.  In  the  presence  of 
bromine,  owing  to  its  strong  affinity  for  electrons  and  the  resulting 
electric  field,  the  molecules  of  nitrogen  must  be  thrown  into  higher 
states  of  dissociation,  and  consequently  the  radiation  correspond- 
ing to  low  values  of  m  must  be  missing.  This  may  therefore  account 
for  the  absence  of  some  of  the  less  refrangible  nitrogen  bands. 

We  may  similarly  account  for  the  increase  of  blurring  in  pro- 
ceeding to  the  more  refrangible  region.  These  more  refrangible 
members,  as  already  pointed  out,  correspond  to  high  states  of  partial 
dissociation.  Owing  to  the  swelling  of  the  molecules  in  such  states, 
they  come  in  closer  proximity  to  the  bromine  atoms.  The  electric 
field  acting  upon  them  is  thereby  increased  and  a  greater  blurring 
takes  place. 

Further,  it  may  be  remarked  that  the  present  suggestion,  that 
bands  may  be  displaced  and  resolved  by  an  electric  field  of  atomic 
origin,  may  possibly  explain  some  of  the  hitherto  obscure  results 
as  to  the  influence  of  a  foreign  gas  on  the  absorption  of  certain 
gases  and  vapors,  some  of  which  may  now  be  mentioned. 

Dufour'  found  that  the  absorption  bands  of  bromine  vapor 
tend  to  shift  toward  the  red  with  an  admixture  of  other  gases 
such  as  hydrogen.  Clinkscales,'  working  on  the  banded  absorp- 
tion of  sodium  vapor,  found  that  some  of  the  bands  shift  as  much  as 

^Compks  Rendiis,  145,  757,  1907.  ^Physical  Ra'icu;  30,  594,  1910. 
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0.15  A  toward  the  violet  in  the  presence  of  hydrogen.  Assuming 
that  the  efifect  of  the  field  due  to  an  electro-negative  atom  is  to 
produce  a  displacement  to  the  short  wave-length,  as  is  to  be 
concluded  from  the  present  experiments,  hydrogen  being  electro- 
positive, the  displacement  observed  by  Dufour  must  be  on  the  red 
side.  At  the  same  time,  hydrogen  being  less  electro-positive  than 
sodium,  the  admixture  of  hydrogen  with  sodium  produces  the  same 
efifect  as  if  it  were  an  electro-negative  element,  and  consequently 
the  displacement  will  be  on  the  violet  side,  as  observed  by  Clink- 
scales. 

It  is  also  possible  to  explain  why  Huddleston,'  working  on  "the 
effect  of  pressure  on -the  band  spectrum  of  nitrogen,"  has  found 
that  with  increase  of  pressure  there  is  a  gradual  formation  of  a 
continuous  spectrum.  The  increase  of  pressure  brings  the  mole- 
cules into  sufi&cient  proximity  to  produce  the  necessary  electric 
field,  which  brings  about  the  resolution  and  displacement  of  the 
bands,  causing  the  fiutings  to  change  to  continuous  bands. 

In  the  light  of  the  experiments  described  in  the  present  paper, 
it  wiU  be  interesting  for  those  possessing  the  necessary  equipment 
to  examine  the  effect  of  a  very  strong  electric  field  on  the  bands  of 
nitrogen.  The  CN  bands  beginning  at  X  3883  also  appeared  in  the 
discharge  (see  Plate  V)  and  since  these  were  not  blurred  at  any 
stage  of  the  experiment,  the  conclusion  is  that  the  field  due  to  the 
neighboring  bromine  atoms  is  not  sufficient  to  produce  any  efifect 
on  the  radiating  cyanogen  molecule;  it  would  be  interesting  to  test 
this  with  an  external  field.  Iodine  and  chlorine  being  also  strongly 
electro-negative,  their  effect  on  nitrogen  and  other  gases  will  be 
studied  at  the  earhest  opportunity. 

In  conclusion  I  beg  to  record  my  thanks  to  Professor  J.  Franck, 
director  of  the  Physical  Institute  at  Gottingen,  for  giving  me 
all  facilities  and  for  the  kind  interest  he  took  in  the  work  which 
was  commenced  there.  My  thanks  are  also  due  to  Professor  A. 
Fowler  for  kindly  allowing  me  to  complete  the  work  here  and  for 
the  interest  he  has  taken  in  it  all  along. 

Imperial  College  of  Science 
June  30,  1922 
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A  NEW  SCOUTING  SPECTROSCOPE  FOR 
PROMINENCES 

By  OLIVER  J.  LEE 

ABSTJL\CT 

Compact  rotating  spectroscope  for  detecting  and  following  solar  prominences. — This 
instrument  can  be  readily  attached  to  the  40-inch  telescope  without  removing  other 
apparatus.  It  is  used  outside  of  the  cone  of  rays  coming  from  the  large  objective  and  is 
fed  by  a  plane  mirror,  suspended  by  detachable  brackets  from  the  base  of  the  spectro- 
scope, which  is  set  at  an  angle  of  45°  with  the  optical  axis  of  the  refractor.  The  com- 
bined weight  of  the  two  parts  is  25  pounds.  The  instrument  accormnodates  a  beam 
of  light  28  mm  wide,  given  by  a  slit  curved  to  the  limb  of  the  sun.  The  dispersing 
unit  is  a  plane  grating,  by  Michelson,  having  15,000  lines  to  the  inch.  Position  angles 
of  prominences  may  be  read  directly.  The  observer  can  tell,  at  once,  whether  or  not 
an  eruption  possesses  size  or  detail  which  should  be  recorded  with  the  spectrohelio- 
graph.  The  de^•elopment  of  a  prominence  between  photographs  may  be  followed. 
Much  time  wiU  be  saved  in  periods  of  little  solar  activity. 

The  instrument  here  described  was  designed  by  the  writer  and 
constructed  by  Mr.  Stephen  Stam  in  the  machine  shop  of  the  Yerkes 
Observatory.     Several  considerations  led  to  its  construction: 

1.  It  takes  at  least  i|  hours  to  remove  the  instrument  used  the 
night  before  on  the  40-inch  telescope,  attach  the  Rumford  spectro- 
heliograph,  and  take  and  develop  the  prominence  plates.  When,  as 
at  present,  solar  activity  is  at  or  near  a  minimmn,  almost  all  of  this 
time  is  wasted.  It  is,  however,  desirable  to  know  when  an  eruption 
of  any  importance  is  taking  place,  so  that  photographic  records  may 
be  made  of  it. 

2.  Such  a  spectroscope  must  be  light  of  construction,  must  be 
easily  attached  to  the  telescope  without  remo\'ing  other  instru- 
ments, and  when  attached  it  must  not  interfere  with  the  use  of  the 
spectroheliograph  when  this  is  desired. 

3.  Some  means  has  been  wanted  for  following  the  development 
of  a  prominence  without  photographing  it  continuously. 

4.  Its  purpose  is  reconnaissance  and  not  measurement.  Per- 
fection of  parts  and  of  adjustment  is  entirely  subsidiary  to  ease  and 
speed  of  manipulation. 

All  of  these  conditions  have  been  fairly  met. 
Figure  i  shows  the  arrangement  of  the  instrument  and  the  path 
of  a  ray  of  light  through  it. 
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A  pair  of  reflecting  prisms  having  square  surfaces  28X28  mm 
and  collimating  and  telescope  lenses  having  the  same  aperture  and 
focal  lengths  of  28  cm  were  obtained  from  John  B.  McDowell. 
All  these  parts  were  "seconds."  The  pair  of  prisms  cost  $5.00  and 
the  pair  of  lenses  complete  with  cells  $15.00.  With  these  parts  and 
an  old  straight  slit,  a  working  model  of  wood  and  paper  tubes  was 


Fig.  I 


made,  which  showed  prominences  well  enough  but  was  too  crude 
to  work  with.  Concrete  improvements  in  construction  were  almost 
automatically  suggested  by  this  model  and  the  permanent  instru- 
ment shown  in  Figure  2  was  the  result.  It  is  a  rotating  spectroscope. 
It  is  built  on  a  wooden  board  3X32X75  cm  in  size.  To  this 
board  is  screwed  a  pan-shaped  aluminum  casting,  the  bottom  of 
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which  is  a  circular  piece  of  steel  4  mm  in  thickness.  This  plate 
rotates  freely  and  forms  the  base  to  which  are  attached  the  various 
parts  of  the  spectroscope. 


Fig.  2. — Scouting  spectroscope  for  prominences  attached  to  40-inch  telescope 

The  reflecting  device,  by  which  the  solar  image  is  turned  90 
degrees  and  is  brought  to  a  focus  outside  of  the  cone  of  light  of  the 
40-inch  telescope,  is  separate  from  the  rest.  It  consists  of  a  mirror 
of  plate  glass  20X30  cm  in  size,  which  is  partly  covered  by  an  elhp- 
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tical  metal  disk  somewhat  smaller  than  the  solar  image  to  protect 
it  from  that  95  per  cent  or  more  of  the  solar  Kght  which  is  not 
needed  for  detecting  prominences  on  the  limb.  This  part  of  the 
instrument  is  attached  to  the  other  by  setting  it  upon  four  half- 
inch  dowel  pins,  and  it  is  secured  in  position  by  two  spring  clamps 
which  are  lifted  and  turned  90  degrees.  The  two  parts  taken 
together  weigh  25  pounds. 

The  slit  is  curved  to  the  limb  of  the  sun  and  moves  around  it, 
taking  about  one  linear  inch  at  each  step.  Besides  relative  motion 
of  the  jaws  of  the  sHt,  both  may  be  moved  together  to  allow  for  the 
slight  variation  in  the  apparent  size  of  the  sun. 

On  the  observTr's  side  of  the  instrument  the  plan  of  construction 
is  easily  seen.  Compactness  and  sufficient  lengths  of  optical  path 
were  the  two  opposing  conditions  and  the  compromise  in  the  form 
of  the  spectroscope  is  evident.  The  dispersing  unit  is  a  Michelson 
grating,  already  in  the  possession  of  this  observatory,  having  15,000 
lines  to  the  inch.  It  has  means  of  adjustment  about  the  three  axes. 
A  spiral  groove  in  the  inner  tube  which  carries  the  collimating  lens 
engages  a  small  set  screw  in  the  outer  tube  and  focusing  is  done  by 
simply  turning  this  inner  tube.  An  eyepiece  giving  a  magnification 
of  about  fifteen  diameters  has  been  found  most  serviceable.  A  cir- 
cular scale  is  so  attached  that  position  angles,  NESW  on  the  sun, 
of  any  prominence  may  be  read  directly. 

Figure  2  shows  the  spectroscope  in  place  on  the  40-inch  telescope. 
The  routine  of  observing  is  simple.  The  instrument  ring  with 
whatever  apparatus  is  attached  to  it  is  racked  out,  the  spectroscope 
is  put  in  place,  the  removal  of  two  15-pound  weights  establishes 
"balance, "  and  the  solar  image  is  centered.  When  successive  parts 
of  the  solar  limb  are  examined,  a  slight  pressure  upon  the  refractor 
throws  the  chromosphere  upon  the  sHt,  which  flashes  out  red  along 
its  whole  length  at  once  if  the  C  hne  is  centered  in  the  field.  A 
prominence  is  quickly  discovered  by  showing  in  the  slit  before  the 
chromospheric  arc  centers.  Since  it  takes  a  fairly  strong  promi- 
nence, visually,  to  show  on  a  spectroheliogram,  there  is  little  danger 
of  overlooking  any  which  would  be  worth  photographing,  except, 
of  course,  a  floating  cloud  completely  detached  from  the  solar 
limb.     If,  however,  the  region  above  every  seat  of  activity  be  exam- 
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ined  to  some  distance  from  the  limb,  the  chance  of  even  such  an 
omission  is  almost  completely  eliminated.  The  interval  of  time 
from  the  moment  the  observer  enters  the  dome  until  the  survey  is 
completed  is  less  than  20  minutes  and  any  subsequent  examination 
may  be  made  in  2  minutes. 

The  construction  of  a  similar  spectroscope  for  other  telescopes 
would,  of  course,  be  even  more  simple  if  the  base  of  the  instrument 
can  be  placed  in  the  focal  plane  of  the  objective.  When  the 
spectroscope  can  be  used  directly  in  the  focal  plane  of  the  telescope 
and  when  there  are  not  so  many  other  conditions  to  be  met  in  con- 
struction and  use  as  existed  in  the  case  of  the  40-inch  telescope,  it 
is  possible  to  employ  one  of  the  many  forms  of  instrument  which  are 
made  by  Adam  Hilger,  Ltd.,  London,  for  visual  observation  of  the 
solar  prominences. 

Yerkes  Observatory 
October  2,  1922 


Reviews 

The  Origin  of  Spectra.  By  Paul  D.  Foote  and  F.  L.  Mohler, 
Bureau  of  Standards,  Washington,  D.C.  New  York:  Chemi- 
cal Catalog  Co.,  1922.     8vo,  pp.  249. 

The  applications  of  spectroscopy  to  the  problem  of  atomic  structure 
have  given  great  stimulus  to  the  study  of  spectra  and  to  attempts  to 
correlate  spectral  phenomena  with  phenomena  in  all  fields  which  bear 
on  the  subject  of  atomic  structure.  The  developments  have  been  so 
rapid  and  varied  that  there  has  been  great  need  of  a  critical,  compre- 
hensive, and  suggestive  survey  of  this  field.  This  need  has  been  admir- 
ably met  by  Dr.  Foote  and  Dr.  Mohler  in  their  Origin  of  Spectra.  This 
book  may  be  considered  as  a  supplement  to  Sommerf eld's  Atombau  imd 
Spektrallinien,  in  that  it  starts  with  the  general  concepts  which  have  been 
set  forth  by  Bohr  and  Sommerfeld,  and  presents  clearly  the  large  variety 
of  tests,  interpretations,  and  consequences  of  these  concepts.  The 
subject-matter  deals  largely  with  experimental  results  and  methods,  but 
always  with  clear  exposition  of  the  theoretical  and  interpretative  bearing 
of  these  results. 

Chapters  i  and  ii  review  the  Bohr  theory  of  spectra,  with  Sommer- 
feld's  theory  of  fine  structure  and  of  the  origin  of  the  various  types  of 
spectral  series  in  arc,  spark,  and  X-ray  spectra.  Particularly  useful  is 
the  critical  discussion  of  the  two  prevalent  systems  of  series  notation. 
Fowler's  and  Paschen's,  and  the  discussion  of  "energy  diagrams,"  with 
examples. 

Chapter  iii  deals  with  the  ionization  and  resonance  potentials  of  the 
elements,  a  subject  of  great  value  in  interpretation  of  spectra,  and  one 
to  which  the  authors  have  made  contributions  of  great  importance. 

Chapters  iv  and  v  discuss  the  nature  and  peculiarities  of  absorption 
and  emission  spectra,  the  explanation  of  these  peculiarities  and  their 
bearing  on  the  problem  of  atomic  structure,  and  the  mechanism  of 
radiation. 

Chapter  vi  deals  with  "cumulative  ionization,"  those  properties  of 
gases  which  result  from  the  existence  of  atoms  in  excited  or  metastable 
states,  and  the  passage  of  resonance  radiation  through  a  gas.  The 
standpoint  of  "quantized  energy  of  radiation"  is  boldly  assumed,  because 
it  is  the  only  standpoint  from  which  the  phenomena  have  been  treated 
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with  any  success,  and  also  because  there  is  theoretical  justification  for 
quantizing  energy  in  the  case  of  harmonic  oscillators  and,  therefore,  in 
the  case  of  special  emission. 

Chapter  vii  applies  thermodynamical  methods,  developed  by  Nernst, 
Tolman,  and  others,  to  the  problem  of  ionization  at  high  temperatures, 
ionization  being  treated  as  a  dissociation,  as  was  suggested  by  Saha. 
Single  and  multiple  ionization,  and  evidence  from  experiments  and  from 
solar  and  stellar  spectra  are  discussed. 

Chapter  viii  discusses  thermochemical  relations  in  cycles  in  which 
ionization  is  one  step.  If  the  energy  changes  in  all  other  steps  of  the 
cycle  are  known,  the  work  of  ionization  may  be  computed.  This  method 
is  applied  to  distinguish  between  different  possible  ionization  processes 
in  the  halogen  acids. 

Chapters  ix,  x,  and  xi  deal,  respectively,  with  X-ray  spectra,  photo- 
electric effects  in  vapors,  and  determinations  of  Planck's  constant  h. 

Appendix  I  gives  computational  data,  convenient  tables  of  constants, 
and  ionic  or  molecular  velocities.  Appendix  II  gives  a  clear  account  of 
the  principles  and  results  of  Bohr's  latest  work  on  atomic  structure — 
work  which  has  not  yet  been  published  in  English. 

The  book  is  well  printed,  unusually  free  from  errors,  contains  numer- 
ous references  to  original  sources,  and  is  thoroughly  up  to  date.  It 
should  be  of  great  value  to  the  special  student  of  spectroscopy  and 
related  subjects  as  well  as  of  interest  to  the  reader  with  general  scientific 
interest. 

K.    T.    COMPTON 
Pri\xetox  University 


In  sorrow  we  announce  the  death,  on  February  6,  1923,  of 

EDWARD  EMERSON  BARNARD 
Senior  Astronomer  at  the  Yerkes  Observatory 

His  valuable  counsel,  based  upon  his  remarkable  knowledge  in 
the  many  fields  of  observational  astronomy,  was  always  available 
to  the  Editors,  who  gratefully  make  acknowledgment  of  their 
indebtedness  to  him.  His  contributions  have  especially  enriched 
these  pages. 

An  extended  biographical  sketch  will  appear  in  a  future  issue. 
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THE  MOVEMENT  OF  THE  LINE  OF  NODES  IN 
SPECTROSCOPIC  BINARIES  AND  VARI- 
ABLES, AND  ITS  CONSEQUENCES 
By  G.  SHAJN 

ABSTRACT 

Regression  of  the  line  of  nodes  due  to  oblateness  of  figure. — In  the  early  part  of  the 
paper  the  mathematical  analysis  is  given  to  show  that  one  secular  effect  of  oblateness 
in  the  primary  is  always  a  regression  of  the  line  of  nodes  of  a  satellite  upon  the  equa- 
torial plane  of  the  primary. 

Application  of  results  to  spectroscopic  binaries. — It  is  shown  that  for  reasonable 
values  of  the  oblateness  the  rate  of  regression  may  be  quite  high.  Tables  are  given, 
one  showing  the  maximum  range  of  variation  of  the  angle  of  the  plane  of  the  orbit  to 
the  line  of  sight,  and  the  other  the  maximum  ratio  of  velocities.  The  stars  R  Canis 
Majoris  and  /3  Cephei  are  discussed  by  way  of  illustration. 

Application  to  variable  stars. — The  effect  of  regression  on  the  luminosity  curve  is 
discussed  and  the  suggestion  is  made  that  the  rate  of  regression  is  related  to  the  dis- 
tribution of  density  within  the  star. 

Theoretical  investigations  and  observations  have  shown  that 
the  figures  of  close  pairs  of  stars  must  have  considerable  ellipticity. 
Thus  the  movements  of  a  satellite  about  a  central  body  of  non- 
spherical  form  must  be  perturbed.  The  law  of  squares  of  distances 
cannot  be  appHed  to  the  given  system. 

The  equations  of  motion  are 

^+/(mo+m.)^3  =  9^.     (.=  1,2,3)  (I) 
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The  potential  of  the  central  star  is 

r 


It  is  known  from  celestial  mechanics''  that  the  potential  of  a  spheroid 
is 

where 


7i  =  sin^  b-l  ;        /2  =  ff  sin^  5-f  sin^  b+\  ; 

b  is  the  declination  of  the  satellite  with  respect  to  the  equator  of  the 
central  star;  and  k  and  /  are  constants  depending  on  ellipticity  and 
on  the  distribution  of  density  in  the  body.  The  expressions  for 
k  and  /  are  rather  complicated.  In  case  of  homogeneity  of  the 
star,  we  have  for  k  and  / 

where  a  and  h  represent  the  equatorial  and  the  polar  radii. 

We  shall  neglect  the  third  term  of  (2)  since  it  is  small.     Then, 
the  perturbative  function  is 

"=-^^T-sin^5).  (3) 

It  is  possible  also  to  express  fl  by  means  of  the  elhpticity  (e)  and 
the  relation  of  the  centrifugal  force  to  the  weight  on  the  equator  (cr) 

fi=/Wo(e-i(T)  ^-'  (i-sin^  b)  .  (4) 

Take  the  plane  of  the  equator  of  the  central  body  as  fundamental 
and  denote  the  inclination  of  the  orbit  to  the  plane  of  the  equator 
by  the  letter  7  and  the  angular  distance  of  the  satellite  in  its  orbit 
from  the  ascending  node  on  the  equator  by  u. 
Then 

sin  5  =  sin  m  sin  7  , 

fi=— (f  —  ^  sin^  7+2  sin^  7  cos  2  u)  , 

'  Tisserand,  Mecanique  Celeste,  2  and  4. 
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where 

The  perturbations  will  have  periodic  and  secular  terms.     Retaining 
only  the  secular  terms,  we  get 

Q  =  ^;(i-|sin-7)=^ 3/'         a-|sin-T)  •  (s) 

For  the  perturbation  of  the  line  of  nodes  the  method  of  the  variation 
of  constants  give 


dt      fiA^  sin  7  97 


(6) 


where  A  is  the  semi-axis  of  the  orbit  of  the  satellite  and  n  is  the 
mean  motion. 

On  forming  d^/dy  from  equation  (5)  and  substituting  the 
values  of  k^  and/,  we  obtain  finally 

do.  / oV/     Wo     \.      I  ^       I  /  X 

^-=— «   —       1 (e  — |o-). =^0057;  (7) 

dt  \AJ  \mo+mJ^      ^  \^-e)i 

from  which  it  follows  that  the  secular  motion  of  the  line  of  nodes  is 
always  one  of  regression. 

In  this  paper  merely  the  consequences  of  the  secular  motion 
of  the  line  of  nodes  in  spectroscopic  binaries  and  variables  are 
treated.  The  problem  of  the  motion  of  the  line  of  apsides  has 
been  solved  by  Tisserand  and  its  consequences  are  more  or  less 
clear.  Our  problem  is  analogous  to  the  theory  of  the  satelHtes  of 
Jupiter,  Saturn,  or  even  better,  Neptune.  In  general  the  yearly 
motion  of  the  line  of  nodes  will  be  quite  high.  For  the  fifth 
satelUte  of  Jupiter  the  yearly  motion  is  about  960°!  For  the 
fictitious  system,  a/ A  =5;  period,  two  days;  e,  about  yV  >  the  yearly 
motion  6.9 /dt  is  about  160°.  Even  for  a  value  of  e  much  less 
than  -f-Q,  the  motion  will  be  considerable. 

Let  us  Consider  now  the  consequences  of  the  motion  of  the  line 
of  nodes  in  the  systems  of  close  pairs.  If  the  plane  of  the  orbit 
coincides  with  the  equator,  namely  7  =  0,  the  motion  of  the  nodes 
will  not  be  noticed  in  the  observations.  If  7  >o,  which  must  occur 
rather  frequently,  the  effect  will  be  considerable. 
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The  pole  of  the  orbit  of  the  satellite  will  describe  a  circle  of 
radius  7.  The  plane  of  the  orbit  of  the  satellite  will  undergo  a 
precessional  motion. 

The  line  of  nodes  (the  intersection  of  the  plane  of  the  orbit  with 
the  equator  of  the  primary  member  of  the  system)  and  consequently 
the  plane  of  the  orbit  will  not  maintain  the  same  inclination  to  the 
line  of  sight,  though  the  inclination  of  the  orbit  to  the  equator  of  the 
primary  will  be  invariable. 

The  inclination  7  may  be  considerable,  as  is  evident  from  the 
tables  of  the  satellites  of  the  large  planets.  In  the  case  of  spectro- 
scopic binaries  and  variables  the  motion  of  the  nodes  will  be  of 
great  importance,  as  the  plane  of  the  orbit  varies  in  relation  to  the 
line  of  sight.  Take,  as  principal  plane,  a  plane  perpendicular  to 
the  line  of  sight.  The  method  of  variation  of  constants  for  the 
perturbations  of  the  plane  of  the  orbit  in  relation  to  the  prin- 
cipal plane  gives  an  equation  analogous  to  equation  (6).  From 
that  equation  we  may  get  the  variation  of  the  plane  of  the  orbit. 
It  can  be  easily  seen  also  that  7  is  a  constant.  It  is  easier  still  to 
get  this  variation  from  the  equation: 

cos  i  =  cos  7  cos  /+sin  7  sin  /  cos  ^  , 

where  /  is  the  inclination  of  the  equator  of  the  primary  star  with 
respect  to  the  plane,  which  is  normal  to  the  line  of  sight,  and  i  is 
the  inclination  of  the  orbit  of  the  satelHte  relative  to  the  same  plane. 
Then, 

.     .di      .         .     ^    .     ^  dQ 
sm  t  ^  =sm  7  sm  /  sin  Q  -^- . 
at  at 

The  variation  of  the  inclination  will  have  different  values  according 
to  the  position  of  the  Hne  of  nodes.  Table  I  gives  variations  of 
the  inclination  in  so  far  as  they  depend  upon  7,  /,  and  Q> . 

According  to  this  table  the  amplitude  of  the  variation  of  the 
inclination  may  have  a  large  value.  The  period  of  the  variation 
depends  upon  the  elements  of  the  orbit,  and  amounts  to  some  years 
if  the  ellipticity  attains  a  considerable  value.  In  case  the  latter  is 
small,  the  period  wiU  be  greater  but  the  amplitude  does  not  change. 

The  ellipticity  cannot  be  small,  owing  to  the  short  time  of  revo- 
lution, and  probably  also  of  rotation,  and  the  cosmogonic  condi- 
tions in  close  pairs. 
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The  effect  of  periodic  fluctuations  of  the  plane  of  the  orbit 
must  lead  to  discovery  by  the  observations.  The  component  along 
the  line  of  sight  depends  upon  the  inchnation  of  the  orbit  to  the 
line  of  sight.  A  and  B,  and  all  velocities  lying  between,  simul- 
taneously increase  in  the  relation  sin  ii/sin  ^V  It  can  easily  be  seen 
that  the  amplitude  increases  in  the  same  degree.  It  is  evident 
that  notwithstanding  the  variation  of  velocities  all  of  the  elements 
of  the  orbit  remain  unchanged,  except  a  sin  i  and  the  mass  function 


TABLE  I 


/ 

7 

90° 

80° 

70° 

60° 

50° 

40° 

30° 

20° 

10° 

0° 

90-90 

80-  80 

70-  70 

60-60 

50-50 

40-40 

30-30 

20-20 

10-10 

5 

85-95 

75-  85 

65-  75 

55-65 

45-55 

35-45 

25-35 

15-25 

5-15 

10 

80-100 

70-  90 

60-  80 

50-70 

40-60 

30-50 

20-40 

10-30 

0-20 

15 

75-105 

65-  95 

55-  85 

45-75 

35-65 

25-55 

15-45 

5-35 

-   5-25 

20 

70-110 

60-100 

50-  90 

40-80 

30-70 

20-60 

10-50 

0-40 

—  10-30 

25 

65-115 

55-105 

45-  95 

35-85 

25-75 

15-65 

5-55 

-  5-43 

-15-35 

30 

60-120 

50-100 

40-100 

30-90 

20-80 

10-70 

0-60 

-10-50 

—  20-40 

which  depends  on  i.  The  velocities  will  change  to  such  a  great 
extent  that  this  can  be  seen  in  the  observations.  In  Table  II  we 
have  the  maximum  ratio  of  velocities  for  given  values  of  7  and  /. 
Only  in  case  7  =  0,  will  there  be  no  effect. 

For  illustration  we  have  taken  two  stars  with  short  periods  of 
revolution,  R  Canis  Majoris'  and  13  CepheL^" 

For  the  first,  the  curves  were  drawn  for  1908,  1909,  1910,  191 1, 
and  191 2,  which  show  a  decrease  of  the  amplitude  from  1908  to  191 2. 
Then,  the  points  of  the  observed  velocities  near  minimum  and 
maximum  were  reduced  to  the  minimum  and  maximum  by  means 
of  a  table  computed  beforehand  from  the  normal  curve.  In  this 
table  are  given  the  variations  of  the  velocities  for  the  epoch  just 
before  and  after  the  minimum  or  maximum  at  inters'als  of  o'.'2o. 

'  F.  C.  Jordan,  Publications  of  the  Allegheny  Observatory,  3,  No.  7. 
'  A.  Belopolsky,  Bulletin  de  I'Academie  des  Sciences  de  Rtissie,  1918. 
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This  method  has  been  applied  to  give  a  larger  weight  to  the  points 
of  maximum  and  minimum. 

We  give  here  the  velocities  and  the  amplitudes  of  the  curve  of 
R  Canis  Majoris  for  each  year. 


TABLE  II 


/ 

7 

90° 

80° 

70° 

60° 

50° 

40° 

30° 

20° 

10° 

O 

1. 00 

1. 00 

1. 00 

1. 00 

1. 00 

1. 00 

1. 00 

1. 00 

1. 00 

5 

I.CX3 

1.03 

1.07 

I.  II 

1. 16 

1.23 

1.36 

1.63 

2.97 

lO 

1.02 

1.06 

I -.14 

1.23 

1-35 

1-53 

1.88 

2.94 

IS 

1.04 

1. 10 

I.  22 

1.40 

1.58 

1.94 

2.73 

6.58 

4.85 

20 

1.06 

i-iS 

I-3I 

I -53 

1.88 

2-53 

4.41 

2.88 

25 

I. 10 

1.22 

1. 41 

1-74 

2.29 

3-50 

9.40 

8. II 

1.88 

3° 

IIS 

I-3I 

i-SS 

2.00 

2.88 

5-41 

4.41 

1.67 

TABLE  III 
R  Canis  Majoris— Variation  of  the  Amplitude 


Epoch 


1909 
1910. 
1911. 
1912 


A 

km 

88 

7  (2) 

73 

7  (7) 

76 

4  (5) 

68 

9  (3) 

67 

3  (3) 

B 


km 
14.6  (3) 
13- 1  (4) 
15-8  (3) 
16.3  (2) 
17.8  (3) 


Amplitude 


km 
74.1 
60.6 
60.6 
52.6 
49-5 


The  mean  error  of  a  normal  place  is  =•=  i  .96  km.  The  diminution 
of  the  ampHtude  seems  to  be  very  probable. 

As  to  jS  Cephei,  we  do  not  find  the  same  effect.  The  compo- 
nents being  close  to  each  other,  the  probability  of  coincidence  of 
the  orbit  of  the  satellite  with  the  plane  of  the  equator  of  the 
primary  star  is  considerable. 

I  may  be  allowed  to  refer  to  the  paper  by  Guthnick  and  Prager/ 
in  which  the  system  /3  Ursae  Majoris  is  discussed.  The  observa- 
tions of  1 908-191 7  (good  for  their  precision)  show  a  decrease  of  the 
ampHtude  from  5.90  km  to  1.24  km.     Guthnick  suggests  that,  if 


Veroffentlichungen  der  kgl.  Sternwarte  in  Berlin  Babelsbcrg,  2,  Heft  3,  1918. 
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the  decrease  of  the  amplitude  is  confirmed,  it  has  cosmogonic  impor- 
tance. It  is  simpler  to  admit  here  that  the  effect  is  caused  by  the 
motion  of  the  line  of  nodes.     Later,  the  amplitude  must  increase. 

If  /  is  nearly  zero,  the  relation  of  velocities  at  different  positions 
of  the  line  of  nodes  is  great,  as  can  be  seen  from  the  table;  but 
the  difficulty  of  determining  them  increases,  for  at  the  same  time 
the  velocities  are  less. 

Attention  should  also  be  called  to  a  paper  by  Henroteau,  ''The 
Orbit  of  j8  Canis  Majoris,"  which  is  known  to  me  only  from  the 
abstract  in  the  Astronomischen  Jahreshericht  for  1918.  This  star 
also  shows  a  definite  variation  of  the  amplitude. 

We  have  examined  only  a  few  stars.  Doubtless  the  effect  of 
the  variation  of  the  amplitude  will  be  found  in  a  considerable 
number  of  close  pairs. 

In  variables,  too,  the  effect  caused  by  the  motion  of  the  line 
of  nodes  must  be  seen.  Guthnick,^  who  has  taken  this  into  con- 
sideration justly,  notes  that  the  duration  of  the  eclipse  and  the 
range  of  brightness  may  undergo  fluctuations.  Really,  the  condi- 
tions of  eclipse  depend  not  only  on  the  elements  and  the  dimension 
of  the  system,  but  also  on  the  position  of  the  visible  orbit  relative 
to  the  line  of  sight.  Depending  on  the  fluctuations  of  the  inclina- 
tion, the  visual  distance  of  the  components  will  vary,  and  in  one 
and  the  same  phase  the  disk  of  the  satellite  will  be  projected  in  a 
different  way  on  the  disk  of  the  central  star.  When  i  =  go°,  the 
path  of  the  satellite  will  be  projected  on  the  diameter;  and  when 
i^go°,  on  the  chord.  In  one  position  of  the  line  of  nodes  the 
satellite  as  a  whole  is  projected  on  the  disk  of  the  chief  star  at  one 
time,  and  may  fall  outside  the  disk  at  another.  The  range  of 
brightness,  as  well  as  the  duration  of  the  eclipse,  depends  upon  the 
visible  distance  of  the  stars 


rt     Af        2^  V^i  — cos^  w  sin  i 

D  =  A{i-e')  — . 

i-|-e  cos  {w—a) 

The  angle,  which  defines  the  duration  of  the  eclipse  in  the  general 
case,  is  a  rather  complicate  function. 

The  curve  of  brightness  varies  from  one  epoch  to  another  and 
in  some  cases  the  changes  attain  a  considerable  value.     For  each 

'  Astronomiscke  Nachrichten,  202,  137,  1916 
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separate  case  it  is  possible  to  discount  the  influence  of  the  variation 
of  inclination  on  the  elements  of  the  eclipse.  Indeed,  photometric 
observations  have  shown  that  the  curve  of  brightness  of  some  stars 
varies  a  little  from  one  epoch  to  another.  It  remains  finally  to 
indicate  that  the  star  R  Canis  Majoris  as  a  variable  shows  a  certain 
variation  of  the  curve  of  brightness.' 

The  effect  caused  by  the  motion  of  the  line  of  nodes  may  serve 
for  the  explanation  of  the  phenomena  in  close  pairs.  If,  out  of  a 
large  number  of  observations  of  spectroscopic  binaries  and  variables, 
we  define  the  ampUtude  and  period  of  the  variations  of  velocities, 
we  shall  obtain  some  notion  concerning  the  incHnation  (i),  which 
usually  cannot  be  found  from  spectral  observations.  In  general, 
the  curve  of  the  variation  of  velocities  is  a  sine  curve  and  from  it 
one  can  form  some  idea  about  the  inclination  at  different  epochs. 

Taking  the  period  into  consideration,  it  is  possible  to  form  some 
idea  of  the  inclination  of  the  orbit  of  the  satellite  with  respect  to  the 
equator  (7) ,  and  of  the  ellipticity  by  means  of  successive  approxima- 
tions. If  the  ellipticity  is  known  from  photometric  observations, 
we  can  decide  upon  (e  —  ^a-),  and  this  in  its  turn  gives  the  possi- 
bility of  getting  an  idea  about  the  distribution  of  densities  within 
the  star.  If  it  shall  be  found  that  in  rather  remote  epochs  the 
amplitude  of  velocities  does  not  show  a  variation,  the  coincidence 
of  the  orbits  of  the  satelHtes  in  a  close  system  with  the  plane  of  the 
equator  of  the  central  star  will  be  proved.  This  fact  will  be, 
undoubtedly,  of  great  cosmogonic  importance.  Otherwise,  the 
phenomenon  is  not  so  simple  as  it  seems  to  be  at  first  sight.  Indeed, 
if  the  mass  of  the  satellite  is  considerable  (as  is  often  the  case  in 
close  pairs),  the  equator  and  also  the  orbit  of  the  primary  will 
have  precessional  motions.  The  inclination  of  the  equator  / 
will  be  variable.  But  in  the  first  approximation  everything  men- 
tioned above  remains  unaltered. 

Spectroscopic  binaries  of  short  period  offer  problems  of  great 
interest  to  students  of  Celestial  Mechanics. 

It  is  a  pleasant  duty  to  acknowledge  my  indebtedness  to  Pro- 
fessor A.  Belopolsky  for  his  interest  in  this  paper. 

PULKOVO 
April   TQ22 

'  Astrophysical  Journal,  41    2qi.  1015. 
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THIRD  PAPER' 
By  JOHN  CHARLES  DUNCAN 

ABSTRACT 

Studies  of  the  form  and  structure  of  nebulae  from  photographs  made  with  the  loo- 
inch  and  6o-inch  reflectors  and  the  lo-inch  Cooke  refractor  in  the  years  1920-1922. 
Evidence  of  the  existence  of  dark  nebulosity  is  found  in  N.G.C.  1977,  M  78,  the  Trifid 
nebula,  the  dark  objects  Barnard  72,  92,  93,  and  133,  and  the  America  nebula. 
N.G.C.  4038-4039  is  a  bright  spiral  of  unique  form  and  with  faint  extensions  of  extraor- 
dinary appearance.  In  a  field  in  Coma  Berenices  the  size  of  the  full  moon,  the  100-inch 
telescope  photographs  no  less  than  jjp  small  nebulae.  The  object  N.G.C.  6822  is 
found  to  be  a  mixture  of  stars  and  small  nebulae,  resembling  the  Magellanic  clouds. 
Halftone  reproductions  are  given  of  photographs  with  the  Hooker  100-inch  telescope  of 
N.G.C.  1977,  N.G.C.  4038-4039,  Barnard  72,  the  Trifid  nebula,  Barnard  92  and  93, 
Barnard  133,  N.G.C.  6960,  and  two  regions  in  the  America  nebula;  and  of  a  photo- 
graph with  the  lo-inch  Cooke  lens  of  the  region  in  Cygnus  that  includes  the  America 
nebula. 

During  the  past  five  summers,  and  the  fall,  winter,  and  spring  of 
1920-1921,  it  has  been  my  privilege  to  participate  in  the  program 
of  photographic  observations  with  the  instruments  of  the  Mount 
Wilson  Observatory.  The  greater  part  of  my  observing  time  was 
spent  in  dupHcating,  as  well  as  possible,  the  excellent  negatives  made 
several  years  ago  by  Mr.  Ritchey  and  Mr.  Pease  with  the  60-inch 
reflector,  and  in  photographing  some  of  the  same  objects  with  the 
IOC-inch  reflector.  The  purpose  of  this  work  was  to  furnish  material 
for  the  study  of  internal  motions  of  spiral  nebulae,  and  several  plates 
thus  obtained  have  been  used  for  this  purpose  by  Mr.  van  Maanen 
with  results  which  he  has  published.^  In  addition  to  this  work, 
photographs  of  other  interesting  objects  were  made,  as  opportunity 
offered,  with  the  purpose  of  studying  their  form  and  structure,  a 
purpose  to  which  the  100-inch  Hooker  telescope  is  particularly  well 
adapted;  and  the  present  paper,  like  its  two  predecessors,  gives 
account  of  some  of  these  studies. 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  256.  The  first  and  second 
papers  appeared  as  Contributions,  Nos.  177  and  209,  respectively;  Astrophysical  Journal, 
51,  4,  1920;   53.  392,  1921. 

^  Mt.  Wilson  Contr.,  Nos.  213,  214,  242,  243;  Astrophysical  Journal,  54,  237,  347, 
1921;   56,  200,  208,  1922. 
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The  reflectors  were  used  at  their  full  aperture,  except  in  certain 
cases  that  are  noted,  when  a  diaphragm  was  placed  in  front  of  the 
mirror  to  improve  the  definition  at  the  edge  of  the  field.  With  the 
60-inch  reflector,  the  size  of  plates  used  was  sh^sh  ii^-5  with 
the  100-inch,  either  5X7  or  8X10  in.  In  all  cases,  the  plates 
were  backed  to  prevent  halation. 

In  preparing  the  positives  for  Plates  VI,  VIII,  X,  XI,  XII,  XV, 
and  XVI,  the  contrast  was  increased  by  repeated  copying  on  slow 
plates;  the  other  reproductions  were  made  from  direct  positives. 

I  gratefully  acknowledge  the  benefit  of  Professor  E.  E.  Barnard's 
counsel  in  selecting  dark  celestial  objects  for  study;  suggestions  and 
help  from  Mr.  Ellerman  in  copying  the  plates  for  reproduction; 
and  the  efiicient  assistance  at  the  telescope  of  Mr.  Hoge  and  Mr. 
Klemann,  night  assistants  at  the  60-inch  and  100-inch  reflectors, 
respectively. 

The  Nebula  N.G.C.  1977  Orionis 

a  =  5''3i"'5,     5=-4°59'  (1920) 
Negative  A  125,  Hooker  telescope,  1921,  January  6.     Seed  30  plate,  exposure 
30™.     Aperture   84   inches.     Very  poor  seeing,  images  large 
and  round 
A  126,  Hooker  telescope,     1921,   January   6.    Seed   30   plate,   expo- 
sure 4''30™.     Aperture  84  inches.     Very  poor  seeing,  images 
large  and  comate 
A  127,  Hooker  telescope,  192 1,  January  7.     Seed  23  plate,  exposure 
5^40™.    Aperture    84    inches.     Seeing    fair,    images    round. 
Illustrated  in  Plate  VI 

This  magnificent  mass  of  fight  surrounds  the  fifth-magnitude 
star  c  Orionis,  the  northernmost  star  of  the  Sword  of  Orion,  and  is 
connected  with  the  great  nebula  around  6  Orionis  by  faint  nebu- 
losity. Excellent  photographs  of  it  have  been  published  by 
Roberts,^  Keeler,^  and  others.  The  dark  indentation  in  the  south 
side  is  by  no  means  wholly  without  luminosity,  although  it  seems  so 
on  the  halftone  reproduction.  The  luminous  streaks  that  appear 
within  it  on  the  original  negative,  and  its  bright  border  on  the 
north  are  suggestive  of  the  dark  "bay,"  Barnard  :^;^,   south  of 

'  Knowledge,  17,  62,  1894. 

^  Lick  Observatory  Publications,  8,  Plate  12,  1908. 
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f  Ononis/  The  bright  ring  around  the  star  west  of  the  nebula  is 
of  course  due  to  halation,  the  backing  of  the  plate  having  been 
lacking  at  that  point. 

The  Nebulae  N.G.C.  2064,  2067,  2068,  2071;  M  78  Orionis 

a=5H2™6,    5  =  4-o°i'  (1920) 
Negative  A  133,  60-inch  reflector,  1921,  January  8.     Seed  23  plate,  exposure 
3''2o™.     Images  small  and  comate 

This  is  well  described  by  Curtis'  and  illustrated  by  Keeler.^  The 
present  plate  shows  faint  extensions  of  2071  which  bring  it  up  to 
about  the  size  of  2068,  and  shows,  more  clearly  than  does  the  repro- 
duction of  Keeler's  plate,  the  presence  of  dark  markings  in  and 
around  all  four  nebulae.  N.G.C.  2064  and  2067  are  connected  by 
faint  nebulosity  and  there  is  a  faint  patch  4'  southwest  of  2064. 
A  dark  lake  in  the  brightest  part  of  2068,  with  a  tenth-magnitude 
star  at  its  western  edge,  is  very  striking.  The  northern  and  north- 
eastern edges  of  2068  are  sharply  limited  by  an  irregular  line,  appar- 
ently of  absorbing  material.  A  dark  indentation  on  the  western 
side  of  2067  is  reminiscent  of  those  in  M  16.''  Near  the  western  edge 
of  the  plate  the  faint  stars  become  numerous,  as  if  those  in  other 
parts  of  the  field  were  hidden  by  the  nebula;  and  it  seems  likely  that 
all  these  nebulae  are  bright  outcroppings  near  the  western  edge  of 
an  obscuring  mass  that,  as  is  shown  on  plates  made  with  wide-field 
instruments,  occupies  a  large  area  in  the  constellation  of  Orion,  in- 
cluding the  region  of  6  and  c  Orionis  and  that  south  of  ^. 

The  Nebula  N.G.C.  4038-4039  Crateris 

a=ii''57'?8,     5=-i8°26'  (1920) 
Negative  T-69-H,  Cooke  lo-inch  lens,  1920,  April  10.     Seed  30  plate,  exposure 
ii'3o°'  (Hubble) 
A  156,  Hooker  telescope,  192 1,  March  7.     Seed  30  plate,  exposure 
3''i5™.    Images  large  and  round.    Illustrated  in  Plate  VII 
A  161,  Hooker  telescope,  1921,  April  5.    Seed  30  plate,  exposure 
3''3o™.    Images  large  and  round 

'  Ml  Wilso7i  Contr.,  No.  209,  Plate  V;  Astrophysical  Journal,  53,  Plate  XI,  1921. 

^  Lick  Observatory  Publications,  13,  23,  1918. 

iJbid.,  8,  Plate  14,  1908. 

1  Mt.  Wilson  Contr.,  No.  177,  Plate  IV;  Astrophysical  Journal,  51,  Plate  III,  1920. 
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Listed  in  the  N.G.C.  as  two  objects  with  the  same  right  ascension 
but  differing  i'  in  declination,  this  is  really  a  single  nebula  of  extraor- 
dinary form.  Its  interesting  appearance  was  noted  on  the  Franklin- 
Adams  chart,  and  later  on  a  negative  made  with  the  lo-inch  Cooke 
lens,  by  Mr.  Hubble,  who  suggested  it  to  me  for  study  with  the 
lOO-inch  telescope.  A  description  of  this  nebula,  and  of 
N.G.C.  4027  which  hes  near  it,  has  recently  been  published  by 
Perrine^  from  observations  with  the  Cordoba  75-cm  reflector.  He 
describes  each  nebula  (4038-4039  and  4027)  as  "a  hook  extending 
out  from  a  ring,"  and  this  description  is  weU  confirmed  by  Mr. 
Hubble's  small-scale  plate,  which  is  of  excellent  definition  and 
shows  both  nebulae. 

The  Hooker  plates  of  4038-4039  bring  out  additional  features 
of  much  interest.  The  ring  is  incomplete,  being  open  where  it 
joins  the  hook,  which  bends  backward  at  the  end,  forming  an  S 
with  its  lower  (southern)  end  incomplete.  Both  hook  and  ring 
are  crowded  with  bright,  starlike  condensations  sunUar  to  those 
seen  in  most  bright  spiral  nebulae.  This  description,  however, 
applies  only  to  the  brightest  part  of  the  nebula,  which  is  surrounded 
by  a  fainter  portion,  of  smooth,  amorphous  appearance,  that  seems 
to  form  a  double  bag  around  the  ring  and  hook.  Most  remarkable 
of  all,  two  faint  extensions,  like  antennae,  seem  to  cross  at  the 
eastern  end  of  the  bag,  one  reaching  northward  and  the  other 
southward,  and  both  concave  toward  the  west.  The  northern 
antenna  may  be  traced  to  a  distance  of  6',  and  the  southern  one  to 
a  distance  of  12'  from  the  point  where  they  intersect,  these  distances 
being  measured  along  chords  of  the  curves.^  It  will  be  of  interest 
to  learn  what  type  of  internal  motion,  if  any,  may  be  observed  in 
this  nebula  from  future  photographs. 

'  Monthly  Notices  R.A.S.,  82,  487  ff.,  1922. 

'  Since  this  description  was  written,  I  have  seen  some  excellent  plates  of  the 
nebula  made  by  Lampland  with  the  40-inch  Lowell  reflector  in  191 7,  which  show  the 
faint  extensions  clearly. 
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Region  of  Many  Small  Nebulae  in  Coma  Berenices 

a=i2''S5'?7,    5  =  +  28°2S'  (1920) 
Negative  A  171,  Hooker   telescope,   1921,   May   7.     Seed  30  plate,  exposure 
i^iS'".     Images  slightly  elongated 
A  172,  Hooker  telescope,  i92i,May8.    Seed  30  plate,  exposure  4  hours. 

Images  slightly  comate 
A  176,  Hooker  telescope,  192 1,  June  5.     Seed  30  plate,  exposure  i  hour. 

Images  slightly  comate 
A  178,  Hooker  telescope,  1921,  June  6.     Seed  30  plate,  exposure  i  hour. 
Images  sUghtly  comate 

The  remarkable  character  of  this  region,  which  is  very  near  the 
north  galactic  pole,  has  been  pointed  out  by  Curtis,^  who  counted 
more  than  300  small  nebulae  in  an  area  50^X40'.  They  are  dis- 
tributed densely  over  the  field  covered  by  an  8  X  lo-inch  plate  at  the 
principal  focus  of  the  Hooker  telescope,  with  perhaps  some  tendency 

TABLE  I 


No. 

a (ig2o) 

S  {1920) 

Remarks 

I 

I2''54T5 

+  28°  41' 

Spindle,  40"  long,  with  dark  band  making 
angle  of  60°  with  axis 

2 

12  55-2 

+  28  18 

Spindle,  55"  long,  with  dark  band  making 
angle  of  60°  with  axis 

3 

12  55-7 

+  28   25 

Globular,  30"  or  more  in  diameter 

4 

12  55-8 

+28  10 

Spindle,  45"  long 

s 

12  56.2 

+28  26 

Elliptical,  soft  nebulosity,  i5"X3o" 

6 

12  56.3 

+  28  39 

Spindle,  i'  long,  bright  nucleus,  faint 
wings 

7 

12  56.5 

+  28  31 

Spindle,  20"  long,  with  dark  band  making 
angle  of  60°  with  axis 

8 

12  56.7 
12  56.8 

+  28  34 
+  28  16 

Fine,  two-arm  spiral,  3o"X4o" 
Spiral,  3o"X35" 

9 

10 

12  57.2 

+  28  21 

Spiral  seen  in  plan,  i  diameter,  bright 
nucleus 

to  congregate  along  a  northwest-southeast  diagonal.  On  the  4-hour 
plate  (A  172),  in  a  circle  of  30'  diameter — a  Uttle  smaller  than  the 
full  moon — centered  on  the  position  given  above,  I  counted  319 
nebulae,  115  stars,  and  206  objects  of  doubtful  character.  Most  of 
the  nebulae  are  of  the  type  designated  by  Hubble  as  "globular" — 
circular  or  elliptical  in  outHne,  with  bright  centers  and  ill-defined 
edges.  There  are  also  many  of  a  spindle  shape,  lying  in  various 
position  angles,  and  a  few  that  are  distinctly  spiral. 

'  Lick  Observatory  Publications,  13,  ^^i  1918. 
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Among  the  particularly  interesting  nebulae  on  the  plates  are 
those  listed  in  Table  I.  The  positions  were  derived  by  measuring 
on  the  negative  with  a  millimeter  scale  from  the  globular  nebula  at 
the  center.  This  is  probably  N.G.C.  4872,  but  it  is  not  possible  to 
identify  it  with  certainty. 

The  dark  bands  of  Nos.  i,  2,  and  7  may  possibly  be  spaces 
between  two  nebulae  imperfectly  seen;  but  if  so,  it  is  a  coincidence 
that  three  pairs  are  thus  similarly  ahgned. 

The  Dark  Nebula  Barnard  72  Ophiuchi 

a=i7''i9'?o,  5=  — 23°39'  (1920) 
Negative  A  177,  Hcfoker   telescope,    1921,   June   5.     Seed  30  plate,  exposure 
3  hours.     Poor  seeing,  images  large  and  elongated 
A  189,  Hooker  telescope,  1921,  Jtdy  4.     Seed  30  plate,  exposure  2\$^. 
Seeing   fair,    images   fairly   small  and  round.     Illustrated  in 
Plate  VIII 

This  S-shaped  dark  marking  is  well  known  from  Barnard's 
photographs  made  with  the  Willard  and  Bruce  lenses.  It  is  situ- 
ated i?5  north  and  20'  east  of  6  Ophiuchi,  in  a  region  of  the  Milky 
Way  Uberally  sprinkled  with  faint  stars.  The  illustration,  in  which 
the  contrast  of  the  original  plate  has  been  considerably  increased, 
shows  well  the  outhne  of  the  main  dark  body  and  also  the  two 
smaller  objects,  Barnard  68  and  69,  near  the  lower  left  corner  of  the 
plate;  but  it  fails  to  bring  out  a  faintly  luminous  background  that 
appears  on  the  originals  and  seems  to  be  due  to  multitudes  of  very 
faint  stars  rather  than  to  nebulosity.  An  additional  feature, 
evident  on  the  original  negatives,  but  barely  suggested  in  the  repro- 
duction, is  a  bifurcation  of  the  eastern  part  of  the  S,  of  which  the 
fainter  branch  Hes  on  the  northern  side. 

The  Trifid  Nebula  N.G.C.  6514,  M  20  Sagittarii 

a=i7'*57'?2,     5=— 23°2'  (1920) 
Negative  A  175,  60-inch  telescope,  192 1,  June  4.    Aperture  54  inches.     Seed  23 
plate,  exposure  4''io'°.     Seeing  rather  poor,  images  round  but 
large 
A  183,  Hooker  telescope,  1921,  June  30.     Seed  23  plate,  exposure  25" 
A  184,  Hooker  telescope,  192 1,  June  30.    Seed  23  plate,  exposure  2*^30'". 
Seeing  fair,  images  elongated.    Illustrated  in  Plate  IX 


PLATE  IX 

North 


Xegative  A  184 


The  Trifid  Nebula,  N.G.C.  6514  =  ^120  Sagittarii 

Photographed  with  the  100-inch  Hooker  telescope,  192 1,  June  30.     Exposure,  2''3o"' 
Scale:    i  mm=iif5  (1.37  times  that  of  original  negative) 
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PLATE  X 

North 


re  A  207 


The  Dark  Nebulae  Barnard  92  and  93  Sagittarii 

Photographed  with  the  100-inch  Hooker  telescope,  1922,  June  24.     Exposure,  4  hours 
Scale:    i  mm  =  20*3  (0.78  that  of  original  negative) 


PLATE  XI 

North 


Negative  A  207 


The  Dark  Nebula  Barnard  92  Sagittarii 


H>- 


Photographed  with  the  100-inch  Hooker  telescope,  1922,  June  24.     Exposure,  4  hours 
Scale:    i  mm  =  8! 7  (1.82  times  that  of  original  negative) 
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One  of  the  most  beautiful  of  the  nebulae,  which  has  been  drawn 
and  photographed  many  times.  Only  about  half  the  luminous 
area  is  "trifid,"  but  the  same  general  character — ^well-defined, 
dark  areas  superposed  upon  bright  nebulosity — prevails  throughout 
the  whole,  and  in  the  neighboring  bright  nebula  M  8  as  well.  The 
dark  lanes  can  best  be  explained  by  obscuration,  but  the  obscuring 
material  may  well  be  dark  extensions  of  the  bright  nebulosity.  An 
interesting  feature  is  the  bright  Hne  of  light,  sharply  convex  north- 
ward, that  lies  near  the  southern  edge  of  the  brightest  part  and  is 
continued  on  the  east  by  a  dark  lane,  concave  northward,  that  ends 
in  an  irregular  dark  spot.  This  curved  line  of  light  is  duplicated 
by  a  fainter  one,  2'  farther  south.  The  whole  nebula  is  isolated 
from  the  thickly  starred  region  about  it  by  a  border  several  minutes 
wide  in  which  there  are  comparatively  few  faint  stars,  an  effect 
shown  most  distinctly  near  the  bottom  of  the  engraving. 

The  Dark  Nebulae  Barnard  92  and  93  Sagittarii 

Barnard  92;  a=i8''ii'?i,     5=— i8°i5'  (1920) 
Negative  A  179,  Hooker  telescope,  192 1,  June  6.     Seed  30  plate,  exposure  2''io™. 
Dull  mirror,  poor  seeing,  images  large  and  comate 
A  207,  Hooker  telescope,  1922,  June  24.     Aperture  84  inches.     Seed  60 
plate,  exposure  4  hours.     Seeing  good,  images  small  and  round. 
Illustrated  in  Plates  X  and  XI 

These  objects  have  been  well  described  by  Barnard^  from  visual 
observations  with  the  Yerkes  40-inch  refractor  and  from  his  photo- 
graphs with  the  Willard  and  Bruce  lenses.  The  Hooker  telescope, 
by  its  greater  scale,  light-gathering  power,  and  resolving  power, 
brings  out  many  additional  details. 

The  objects  lie  in  one  of  the  densest  star  clouds  of  the  MUky 
Way.  The  entire  field  covered  by  an  8Xio-inch  plate  (54'x68'), 
except  the  parts  occupied  by  the  dark  objects,  is  Med  with  faintly 
luminous  nebulosity^  studded  with  myriads  of  faint  stars.  Number 
92  extends  about  16'  north  and  south  and  9'  east  and  west.     Near 

^  Lick  Observatory  Publications,  11,  Plates  51,  54,  55,  57,  1913;  Astrophysical 
Journal,  38,  496  and  Plates  XIX,  XX,  1913. 

2  The  presence  of  this  film  of  nebulosity  was  first  pointed  out  to  me  by  Professor 
Barnard,  on  his  Bruce  plates. 
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its  center  is  a  twelfth-magnitude  star  whose  position  was  measured 
carefully  by  Barnard  in  1913.^  The  eastern  border  is  very  sharply 
defined,  especially  southeast  of  the  central  star  where  the  surround- 
ing nebulosity  is  pretty  bright;  while  on  the  east  side  the  luminous 
nebulosity  and  stars  encroach  upon  the  dark  spot,  and  the  border 
is  difficult  to  locate.  The  nebulosity  is  here  seen  in  the  form  of 
curved  filaments  that  recall  the  Merope  nebula.  This  is  distinctly 
seen  in  the  original,  although  not  well  shown  in  the  engraving. 
Three  minutes  of  arc  northeast  of  the  central  star,  in  the  darkest 
part  of  the  dark  nebula,  is  a  patch  of  faintly  luminous  nebulosity 
about  I '  5  in  diameter.  At  the  northern  end  of  the  main  dark  body 
are  two  small  ones,  about  2(5  in  diameter,  separated  from  it  and 
from  each  other  by  bridges  of  faintly  shining  nebulosity;  and  on 
the  southeast  is  a  patch,  about  4'  long,  which,  although  darker  than 
its  surroundings,  contains  a  faint  film  of  nebulosity  and  numerous 
stars. 

Eastward  from  Barnard  92  extend  irregular,  semi-lucent  lanes 
which,  on  Barnard's  wide-field  plates,  are  seen  to  bend  to  the  south- 
west and  may  be  traced  to  a  distance  of  more  than  a  degree,  while 
their  two  principal  branches  are  continued  by  rows  of  bright  stars 
nearly  3°  long. 

In  the  faint  nebulous  background,  24'  west  and  8'  north  of  the 
central  star  in  Barnard  92,  is  an  isolated  semi- vacant  spot,  about 
I '  5  long,  which  is  the  more  sharply  defined  at  its  eastern  border. 

Barnard  93  consists  of  a  head,  shaped  like  a  broad  arrowhead, 
3'  long,  in  position  angle  40°,  and  i'  wide,  situated  21'  east  and  11' 
north  of  the  central  star  of  Barnard  92;  and  a  tail  that  extends  13' 
in  a  direction  a  little  west  of  south.  The  head  seems  entirely  Hght- 
less  except  for  a  close  pair  of  stars  near  its  base,  but  the  tail  contains 
a  nmnber  of  faint  stars,  and  is  bifurcated  by  a  strip  of  faintly  shining 
nebulosity. 

On  the  hahtone  plates  appear  numerous  small,  sharp,  dark 
defects,  which  are  in  the  original  negative  and  are  examples  of  a 
fault  to  which  the  Seed  60  plates,  otherwise  excellent,  seem  espe- 
cially prone. 

^  Loc.  cit. 
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Negative  A  i88 


The  Dark  Nebula  Barnard  133  Aquilae 


Photographed  with  the  100-inch  Hooker  telescope,  1921,  July  3.     Exposure,  4  hours 
Scale:    i  mm=  i^"2  (1.20  times  that  of  original  negative) 
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The  Dark  Nebula  Barnard  133  Aquilae 

<j=jghj.mg^  5=— 6°58'      (1920) 

Negative  A  188,  Hooker  telescope,  1921,  Jidy  3.  Seed  30  plate,  exposure 
4  hours.  Poor  seeing,  images  round  but  rather  large.  Illus- 
trated in  Plate  XII 

This  tadpole-shaped  object  is  some  16'  long,  with  the  head  or 
southern  end  sharply  defined,  and  the  tail  losing  itself  among  the 
stars  on  the  north.  It  is  concave  on  the  eastern  side,  where  the 
dark  area  is  encroached  upon  by  faint  stars.  The  southern  end 
must  be  quite  opaque,  as  in  an  oval  area  about  9'  long  and  4'  wide 
not  a  single  star  appears  on  the  plate.  No  luminous  nebulosity 
can  be  seen  on  the  plate,  and  the  background  on  which  the  dark 
body  is  projected  seems  to  consist  entirely  of  stars.  The  form  of  the 
object  is  well  shown,  though  of  course  on  a  smaller  scale,  in  a 
reproduction  of  a  Bruce  photograph  by  Barnard.* 

The  Object  N.G.C.  6822  Sagittarii 

a=i9''40'?4,     5=— 14°58'  (1920) 
Negative  A  190,  Hooker  telescope,  1921,  Jidy  4.     Seed  30  plate,  exposure  50™. 
Images  large 
A 191,  Hooker  telescope,    1921,   July   5.     Seed  30  plate,   exposure 
3i»co™.    Images  elongated 

This  object,  which  was  discovered  by  Barnard,  is  described  in 
the  N.G.C.  as  "very  faint,  large,  elongated,  diffuse."  Its  study  was 
suggested  to  me  by  Mr.  Hubble,  who  had  noted  in  it,  from  his 
observations  with  the  Cooke  lo-inch  lens,  a  resemblance  to  the 
Magellanic  clouds.  On  my  plates  the  main  portion  appears  to 
consist  of  a  cloud  of  faint  stars  10'  long  in  a  north  and  south  direc- 
tion and  3'  wide.  A  less  dense  extension  of  about  the  same  width 
and  also  consisting  of  stars  can  be  traced  5'  farther  south.  At  the 
north  end  is  a  V-shaped  nebula,  25"  long,  like  a  double- tailed  comet 
with  its  apex  in  a  star  and  the  opening  of  the  V  directed  westward. 
Several  faint  stars  or  starlike  condensations  are  located  in  the  arms 
of  the  V.  At  distances  of  3'  on  the  east  and  4 '  5  in  a  direction  a  httle 
north  of  west  from  this  small  nebula  are  two  others  of  similar  size 
and  texture.     Around  the  brightest  star  of  each  of  the  two  last- 

^  Astrophysical  Journal,  49,  Plate  IV  6,  1919. 
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named  nebulae  is  a  faint  circular  ring  about  20"  in  diameter.  The 
eastern  one  of  the  three  small  nebulae  is  of  a  V-shape  with  the 
opening  directed  southwestward ;  the  western  one  is  elongated  in  a 
northwest-southeast  direction.  The  object  has  been  photographed 
with  the  75-cm  Cordoba  reflector  by  Perrine/  who  also  notes  its 
resemblance  to  the  Magellanic  clouds. 

The  Nebula  N.G.C.  6960  Cygni 

a  =  2o''43'?4,     5=+30°26'(i92o) 
Negative  A  203,  Hooker    telescope,    192 1,    August   3.    Aperture    84   inches. 
Seed  30  plate,  exposure  7  hours.     Images  small  and  slightly- 
elongated  north  and  south.     Illustrated  in  Plate  XIII 

One  of  the  beautiful  filamentous  nebulae  in  Cygnus,  which 
extends  more  than  a  degree  in  a  direction  approximately  north  and 
south.  The  fourth-magnitude  star  52  Cygni  is  just  west  of  the 
middle.  No  description  is  needed  for  an  object  so  well  known  as 
this,  but  attention  may  be  called  to  the  faint  outlying  filaments 
west  of  the  bright  star  and  on  both  sides  of  the  main  nebula  near  the 
south  end.  The  nebula  is  a  frontier  between  a  region  of  many 
faint  stars  on  the  east  and  fewer  on  the  west. 

The  North  America  Nebula  N.G.C.  7000  Cygni 

0=20^55'°,     6  =  +44?S  (1920) 
Negative  A  224,  Cooke  lo-inch  lens,  1922,  August  18.     Seed  60  plate,  expo- 
sure 45™ 
A  225,  Cooke  lo-inch  lens,  1922,  August  18.     Seed  60  plate,  expo- 
sure 4  hours 
A  228,  Cooke  lo-inch  lens,  1922,  August  19.     Seed  60  plate,  expo- 
sure 5''45™.     Illustrated  in  Plate  XIV 

Situated  in  the  Milky  Way  about  3°  east  of  a  Cygni,  this  great 
nebula  Hes  among  dense  clouds  that  are  composed  of  faint  stars 
with  perhaps  a  very  faint  background  of  nebulosity.  On  the  east 
and  west  the  nebula  is  bounded  by  dark  regions  that  meet  just  south 
of  "Panama,"  presumably  obscuring  the  whole  of  "South  America," 
since  that  continent  does  not  appear.  West  and  south  of  the  main 
bright  nebula  are  faint  nebulous  wisps  of  great  extent,  well  shown  in 
the  engraving.     A  group  of  stars  in  the  form  of  a  single-arm  spiral, 

'  Monthly  Notices  R.A.S.,  82,  489,  1922. 


PLATE  XIII 

North 


Negative  A  203 


The  Xebula  N.G.C.  6960  Cygxi,  with  JMeteor  Trail 


Photographed  with  the  100-inch  Hooker  telescope,  1921,  August  3.     Exposure,  7  hours 
Scale:   i  mm  =  21  'g  (0.72  that  of  original  negative).     The  line  on  the  right  is  the  meteor  trail 
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Negative  A  22S 


The  North  America  Nebula,  N.G  C.  7000  Cygni 

Photographed  with  the  lo-inch  Cooke  lens,  1922,  August  19.     Exposure,  5''45" 
Scale:    i  mm  =  3'  (same  as  original  negative) 


PLATE  XV 

North 


\v\' 


'■egative  A  217 


South  End  of  the  North  America  Nebula 

Photographed  with  the  100-inch  Hooker  telescope,  1922,  July  26.     Exposure,  5  hours 
Scale:    i  mm  =  21*9  (0.72  that  of  original  negative) 


PLATE  XVI 

North 


Dark  Areas  at  North  End  of  the  North  America  Nebula 


Photographed  with  the  loo-inch  Hooker  telescope,  1922,  August  22.     Exposure,  4  hours 
Scale:    i  mm  =  i8''6  (0.85  that  of  original  negative) 
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which  may  be  found  68  mm  from  the  bottom  of  the  engraving  and 
50  mm  from  the  right  edge,  is  a  conspicuous  feature  of  the  original 
negative.  The  photograph  is  reproduced  here  mainly  to  show  the 
location  of  the  regions  photographed  with  the  Hooker  telescope 
and  reproduced  in  Plates  XV  and  XVI. 

The  South  End  of  the  North  America  Nebula 

a  =  2o''5S'?9,     5=+43°io' (1920) 
Negative  A  217,  Hooker  telescope,  1922,  July  26.    Aperture  84  inches.     Seed 
60    plate,    exposure    5    hours.     Images    slightly    elongated. 
Illustrated  in  Plate  XV 

The  region  shown  on  the  negative  is  represented  on  Plate  XIV 
by  an  area  of  about  18X22  mm,  with  its  center  56  mm  from  the  left 
edge  of  the  engraving  and  49  mm  from  the  bottom.  Two  defects 
appear  in  Plate  XV:  one  a  white,  vertical  Hne  3  mm  long,  49  mm 
from  the  left  edge  and  28  mm  from  the  top;  and  the  other  a  dark, 
horizontal  mark  2  mm  long,  48  mm  from  the  left  and  40  mm  from 
the  bottom. 

The  plate  is  filled  with  a  bewildering  amount  of  detail,  both 
bright  and  dark.  The  brightest  part  of  the  nebula  is  the  irregular 
line  or  ridge  that  passes  from  the  northeast  corner  of  the  plate  to 
the  middle  of  the  south  side.  The  brightness  falls  off  rapidly  on 
the  east  side  of  this  ridge  and  slowly  on  the  west.  The  area 
near  the  middle  of  the  north  side  is  also  quite  bright,  but  its 
brightness  is  exaggerated  in  the  reproduction.  The  central  part 
of  the  plate,  a  region  some  15'  in  diameter  in  the  middle  of  the 
"Gulf  of  Mexico,"  seems  to  be  entirely  devoid  of  luminous 
nebulosity,  while  the  star  density  within  it  is  certainly  less  than  a 
tenth  that  in  the  bright  nebulosity  east  of  the  ridge.  The  border 
between  the  gulf  and  the  continent  is  not  sharp,  and  both  the  star 
density  and  the  brightness  of  the  nebulosity  increase  gradually 
eastward  from  the  gulf.  The  main  nebulosity  at  the  southeast 
side  of  the  gulf  is  in  the  form  of  nearly  parallel  streaks,  which  are 
broken  by  irregular  transverse  dark  markings.  Apparently  asso- 
ciated with  these  streaks  is  the  great  arch  of  semi-obscuring  matter, 
over  a  half-degree  long,  that  is  a  conspicuous  object  just  at  the  left 
of  the  middle  of  Plate  XV. 
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Other  noteworthy  features  are  the  dark  area,  about  3'Xii', 
just  east  of  the  bright  ridge  in  the  upper  half  of  the  plate;  the  small, 
dark  spot  northeast  of  the  bright  star  in  the  northwest  corner;  and 
the  intricately  curved  and  branched  dark  marking  3  cm  from  the 
bottom  and  5  cm  from  the  right  edge  of  Plate  XV.  The  appearance 
of  an  obscuring  body  in  this  last  marking  is  especially  convincing. 

Two  Dark  Areas  near  Northern  End  of  North  America  Nebula 

a  =  2o'^57'?S,     5  =  +45°25' (1920) 
Negative  A  231,  Hooker   telescope,    1922,   August    22.    Aperture   84   inches. 
Seed  60  plate,  exposure  4  hours.    Images  small  and  round. 
Illustrated  in  Plate  XVI 

The  region  shown  on  this  negative  is  represented  on  Plate  XIV 
by  an  area  about  16X20  mm  with  its  center  53  mm  from  the  top 
and  52  mm  from  the  right  edge. 

The  luminous  nebulosity  in.  this  region  is  of  nearly  uniform 
brightness  and  considerably  fainter  than  in  the  southern  end  of  the 
nebula.  It  is  interrupted  by  two  dark  areas.  The  more  northerly 
of  the  two  is  some  8'  wide,  well  defined  by  an  irregular  border  at 
its  southeastern  edge  and  losing  itself  imperceptibly  in  the  shining 
nebulosity  and  star  fields  toward  the  northwest.  It  is  probably 
nowhere  without  faintly  luminous  nebulosity,  although  there  are 
considerable  areas  at  the  southern  end  where  there  are  no  stars. 

The  more  southerly  of  the  two  dark  areas  is  about  13'  long  in  a 
north  and  south  direction,  and  5'  wide.  It  is  not  wholly  dark,  and 
shows  faint  curving  streaks  like  those  in  Barnard  92  and  93. 

Mount  Wilson  Observatory  and 

Whitin  Observatory 

Autumn  1922 
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Plate  VI: /or  I  mm=  12^8,  reai  I  mm =19^6 


THE  RADIAL  VELOCITIES  OF  1013  STARS' 

By  WALTER  S.  ADAMS  and  .ALFRED  H.  JOY 

ABSTRACT 

Radial  velocities  of  1013  stars. — These  stars,  almost  wholly  of  spectral  types  F  to 
M,  have  been  observed  with  a  one-prism  spectrograph  on  the  60-inch  and  100-inch 
reflectors  at  Mount  Wilson.  The  Rowland  wave-lengths  of  the  principal  lines  used  in 
the  measurements  are  given.  The  probable  errors  of  the  mean  radial  velocities  have 
been  computed  and  vary  from  0.2  to  over  3  km,  with  an  average  of  about  1.35.  For 
types  F  to  M  comparison  with  measurements  from  the  Lick  Observatory  for  109 
stars  shows  ari  average  difference  of  1.7  km  and  a  systematic  difference  of  —0.12  km, 
while  for  83  stars  measured  at  the  Dominion  Observatory  the  average  difference  is 
2.4  km  and  the  systematic  difference,  Mt.W  — D.A.O. -|-o.8  km.  In  the  case  of  16 
B  and  A  stars,  the  systematic  difference  from  other  observers  is  +1.6  km.  The 
magnitudes,  spectral  types,  and  proper  motions,  as  far  as  known,  are  also  given  in 
the  tables. 

The  catalogue  of  radial  velocities,  which  forms  the  principal 
portion  of  this  communication,  includes  many  of  the  results  obtained 
in  this  line  of  work  at  the  Mount  Wilson  Observatory  during  the 
past  few  years.  It  is  made  up  almost  wholly  of  stars  with  spectra 
of  types  F,  G,  K,  and  M  which  have  been  observed  not  only  for 
radial  velocity  but  for  determinations  of  absolute  magnitude  and 
spectroscopic  parallax.  As  a  result,  the  material  is  far  from  homo- 
geneous as  regards  spectral  type,  proper  motion,  or  apparent  magni- 
tude, but  contains  rather  a  selection  of  stars  with  great  differences 
in  absolute  magnitude  which  are  of  especial  interest  in  investigations 
of  space-velocities  and  the  relationship  of  velocity  to  absolute  magni- 
tude and  mass.  The  results  have  already  been  used  to  some  extent 
in  such  investigations  by  Stromberg,  Scares,  and  Adams  and  Joy. 

The  spectrograms  used  for  measurement  have  all  been  obtained 
at  the  Cassegrain  focus  of  the  6o-inch  and  the  loo-inch  reflectors, 
the  larger  instrument  having  been  employed  almost  wholly  for 
stars  fainter  than  the  eighth  visual  magnitude,  and  for  a  small 
number  of  stars  south  of  —  30°  declination.  The  form  of  mounting 
of  the  60-inch  reflector  prevents  the  observation  of  stars  south  of 
this  limit.  For  most  of  the  spectra,  single-prism  spectrographs  with 
prisms  of  64°  angle  and  cameras  of  18  inches  (45  cm)  focal  length 
have  been  used.     The  Unear  dispersion  of  these  instruments  is 
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36  A  per  millimeter  at  H7.  The  camera  lenses  are  of  the  Cooke 
Astrographic  type  and  give  satisfactory  definition  from  X  4100  to 
H/3.  In  the  case  of  stars  of  advanced  types  of  spectrum,  measure- 
ments have  usually  been  limited  to  the  region  between  X  4200  and 
X  4600.  A  camera  of  7.2  inches  (18  cm)  focal  length  has  been  used 
for  a  few  stars  which  are  very  faint  photographically,  but  the  num- 
ber of  such  stars  included  in  the  catalogue  is  very  small. 

The  spectrograms  in  all  cases  have  been  measured  directly  on 
small  comparators,  and  the  wave-lengths  used  for  reduction  pur- 
poses are  those  of  Rowland's  Table  of  Solar  Spectrum  Wave- 
Lengths.  At  the  present  time  a  sufficient  number  of  wave-lengths 
based  upon  the  international  system  is  available,  especially  for  the 
lines  of  the  iron  arc  which  we  have  used  as  a  comparison  spectrum, 
to  make  a  change  to  this  system  highly  desirable.  Accordingly, 
within  recent  months  we  have  completed  such  a  revision,  but  the 
results  contained  in  the  present  catalogue  are  all  based  on  the  earHer 
values  of  Rowland.  As  a  rule,  from  10  to  15  stellar  lines  have  been 
measured  on  each  spectrogram,  and  so  far  as  possible,  the  attempt 
has  been  made  to  avoid  blended  lines.  The  hnes  most  commonly 
employed  are  the  following: 

Fe  4202.198  Sc,  Ti,  Fe  4314.820 

Fe  4236.112  H  4340.634 

Fe  4250  Fe  4383.720 

€14254.505  Fe  4404.927 

Fe  4260.580  Fe  4415.293 

Fe  4271  Fe  4427.482 

Cr  4274.958  Fe,  Mn  4461.930 

Fe,  Ca  4282.800  Cr,  Co,  Fe  4531.220 

Fe  4294.301  Mg,  Ti  4571.716 

Fe  4308.081  H  4861.527 

The  stellar  line  at  X  4250  has  been  referred  directly  to  the  blended 
iron-comparison  line,  and  the  stellar  line  at  X4271  has  been  used 
with  a  wave-length  o.  i  A  longer  than  the  corresponding  comparison 
line.  In  the  course  of  the  revision  of  our  wave-lengths  to  conform 
to  the  international  system,  slight  changes  have  been  introduced 
into  the  relative  wave-lengths  of  some  of  these  lines,  and  the  modi- 
fied values  will  be  adopted  in  the  future. 

The  spectrograms  in  the  great  majority  of  cases  have  been 
measured  by  two  or  more  observers,  but  when  only  a  single  measure 
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is  available  the  value  has  been  assigned  half-weight  in  the  formation 
of  the  mean.  Since  the  results  for  most  of  the  stars  in  the  list 
depend  upon  but  three  or  four  spectrograms,  the  formula  of  Peters 
has  been  used  to  derive  the  probable  error  of  the  mean.  In  the  case 
of  a  small  number  of  observations,  this  formula  probably  gives  a 
more  adequate  measure  of  the  precision  of  the  results  than  the 
more  common  expression,  which  involves  the  squares  of  the 
residuals.     The  equation  as  used  is 

=0.845 


P.E.= 


nV 


n—i 


in  which  d  is  the  residual  from  the  mean  taken  regardless  of  sign, 
and  n  the  number  of  spectrograms.  In  cases  where  unequal 
weights  are  used,  the  results  have  been  treated  in  the  usual  way 
through  multiphcation  by  the  square  roots  of  the  weights.  It  is 
hardly  necessary  to  state  that  in  measurements  made  upon  spec- 
trograms of  such  low  dispersion  the  fractional  part  of  the  kilo- 
meter has  little  significance,  either  in  the  mean  or  in  its  probable 
error. 

The  observations  of  the  absolute  magnitudes  of  stars,  carried 
on  as  a  part  of  our  spectroscopic  work,  have  resulted  in  the  accumu- 
lation of  spectrograms  of  most  of  the  brighter  stars  of  types  F  to  M. 
From  among  these  a  sufficient  number  have  been  measured  and 
included  in  the  catalogue  to  make  it  possible  to  compare  a  consider- 
able number  of  our  values  with  those  published  by  the  Lick  Observa- 
tory. Similarly,  numerous  stars  have  been  observed  in  common 
with  the  Dominion  Astrophysical  Observatory.  The  results  of 
this  comparison  for  stars  of  types  F  or  later  are  given  in  the  accom- 
panying summary.  The  differences  are  taken  in  the  order,  Mount 
Wilson  minus  Lick  Observatory,  and  Mount  Wilson  minus  Domin- 
ion Astrophysical  Observatory. 


Observatory 

Differences 

Systematic 
Difference 

Average 

No. 

Positive 

Negative 

Difference 

L.O 

109 
83 

51 
53 

58 
30 

km 
—  0. 12 

-t-0.77 

km 
±1.69 
±2.40 

D.A.0 
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In  this  comparison  two  stars  are  omitted  from  the  Lick  Observa- 
tory list.  These  are  the  extreme  southern  star  C2757  with  a  residual 
of  + 10  km,  and  Barnard's  star  of  large  proper  motion  with  a  residual 
of  +21  km.  The  last-named  star  was  observed  at  both  observa- 
tories with  spectrographs  of  very  low  dispersion,  and  a  consider- 
able discordance  is  not  surprising.  In  the  case  of  the  southern 
star,  it  seems  probable  that  the  difference  is  due  to  errors  arising 
from  the  great  zenith  distances  at  which  it  is  observed  at  Mount 
Wilson.  The  most  probable  sources  of  error  are  atmospheric  dis- 
persion which,  because  of  the  great  focal  length  of  135  feet,  affects 
the  distribution  of  Hght  at  the  slit,  and  flexure  of  the  100-inch 
telescope,  which  may  influence  the  illumination  of  the  coUimating 
lens.  In  the  few  cases  of  stars  of  extreme  southern  declination 
which  have  been  measured  for  radial  velocity,  there  has  appeared  to 
be  a  tendency  for  the  spectrograms  obtained  with  the  100-inch 
telescope  to  give  too  large  positive  velocities,  but  the  effect  is  not 
always  present. 

The  comparison  with  the  results  obtained  at  the  Dominion 
Astrophysical  Observatory  shows  a  fairly  definite  systematic  differ- 
ence of  about  +0.8  km.  The  effect  appears  to  be  largest  in  the 
case  of  stars  of  the  M-type  of  spectrum,  and  it  is  possible  that  at 
least  a  portion  of  it  may  be  due  to  the  difference  in  the  method  of 
measurement,  the  Victoria  observers  having  used  the  spectro- 
comparator  for  this  purpose.  In  view  of  the  low  dispersion 
employed  at  both  observatories,  however,  the  discordance  does 
not  appear  to  be  excessive,  except  in  the  case  of  a  few  individual 
stars. 

The  number  of  B-  and  A-type  stars  in  the  catalogue  is  small,  and 
only  a  few  comparisons  can  be  made  with  the  results  of  other 
observers.  For  a  total  of  sixteen  stars  with  velocities  measured  at 
several  different  observatories,  the  mean  difference.  Mount  Wilson 
minus  others,  is  -|-i.6km.  The  stars  Boss  892,  Boss  3518,  and 
/3  G.C.  12274  show  differences  of  +11.6,  -10,  and  -f  10.5  km, 
respectively. 

In  the  table  of  results,  the  stars  are  Hsted  according  to  their 
numbers  in  the  Catalogue  of  Boss,  unless  an  abbreviation  appears. 
In  the  latter  case,  C  is  used  to  indicate  Cincinnati  Publication, 
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TABLE  I 
Radial  Velocities  of  1013  Stars 


Star 


3  Br. 

3  Ft. 

12. 

C         9. 

19. 

Lai.        10 
B.D.+66°7 

2,Z 
/3  G.C.      104 

62 

63 
Lai.      442 


Lai. 
Lai. 


510 
584 


49 


96 
106 

121 
128 

134 
G       87 

137 


J  G.C. 
H.D. 


374  Br. 
4042 . .  . 

154.  •  • 

160.  .  . 

161.  .  . 

166... 
168  Br. 
168  Ft. 
170.  .  . 
C     106.  . . 

178'... 
178^.. 
181... 
193 .. . 
197 


233- 
142. 

243- 
146. 
149. 


a  I  goo 

5  1900 

m 

Sp. 

;* 

0^  i™o 

+S7°53' 

6.4 

G4 

0*266 

0      I.O 

+57  53 

7-5 

G7 

0.  266 

0  3.8 

+5836 

2-4 

¥2 

0.559 

0    4.0 

+64  31 

7.0 

Ko 

0.30 

0     5-1 

+45  31 

51 

F2 

0.004 

0     5-4 

+32  34 

7-2 

K5 

0.052 

0     5-4 

+66  35 

9.2 

G8 

0. 138 

0     9.6 

-19  29 

4-7 

Ma 

0.068 

0  II. 5 

+35  55 

7-7 

F6 

0  17.2 

+  12  56 

6.4 

K2 

0.063 

0  17.7 

—  12  46 

6.4 

G2 

0.396 

0  18.4 

+44  32 

7-7 

G6 

0  20.3 

+Z2,  34 

8.3 

Ko 

0.019 

0  22.3 

+  '63  29 

8.0 

Ko 

0.075 

0  23.0 

+  15  54 

6.5 

K5 

0.018 

0  23.2 

+  9  39 

6.0 

F3 

0.212 

0  24.5 

+  76  28 

6.4 

Ko 

0-335 

0  24.8 

+  29  12 

5-3 

1<'2 

0.066 

0  26.  2 

+52  17 

5-7 

Ko 

0.056 

0  27.5 

+  27  44 

6.4 

G6 

0.014 

0  31-3 

+43  56 

5-4 

K2 

0.035 

0  32.4 

+  2  35 

6.6 

K3 

0. 122 

0  34-7 

+  20  53 

5-6 

Ki 

0.047 

0  35-5 

—  24  21 

6.2 

G2 

0.  711 

0  35-6 

-  4  54 

6.1 

G8 

0.023 

0  37.2 

+  3  37 

7.8 

F7 

0  37-8 

+  70  17 

6.9 

^1 

0.035 

0  39.6 

+54  40 

5-5 

A2 

0.027 

0  41.2 

-23     4 

S.6 

G7 

0. 189 

0  41-3 

+  14  56 

5-6 

Mb 

0.064 

0  42.3 

+50  54 

6.8 

A  2 

0.006 

0  43.0 

+  57  17 

3-7 

F8 

I.  242 

0  43.0 

+57  17 

7-4 

K5 

1.242 

0  43-1 

+  6  45 

6.1 

G9 

0. 106 

0  44-5 

-23  46 

7.2 

G7 

0.517 

0  44-5 

+  27  10 

6.3 

Fo 

0.092 

0  44-5 

+  27  10 

6.3 

Fo 

0.092 

0  45-1 

—  II  II 

5-2 

F8 

0-325 

0  49.1 

+58  26 

5-0 

K2 

0.053 

0  49.6 

+  23     5 

5-6 

Ko 

0. 142 

0  59-7 

+  5     7 

6.2 

K4 

0.031 

I     0.4 

+63  24 

8.7 

K7 

1-55 

I     1-3 

+  12-25 

6.2 

G7 

0.040 

I     2.2 

+  22  26 

8.6 

K5 

0.525 

I     Z-2, 

+61     I 

7.8 

F5 

0.638 

No 


km 

-  II 

-  15.9 
+  11.2 
+      8.2 

-  5-6 

-13.2 
+  19.3 


6.6 

3-8 


-  1-Z 
+  36.2 
-35-2 
+     1-5 

-  1-5 


+ 


I0.5 

19-5 

9.6 

48.3 


-  31.2 
+  4.6 

-  16. 1 

-  53-4 
+  35.0 

+  7.8 

-  2.5 

-  7.6 

-  14.  2 

-  27.7 


4.7 

7.4 

13.4 

o.  2 

5-5 

4.5 
6.3 
7-1 
22.3 
2.0 


-  14.5 
2.9 

+  8.0 
2.9 

-325-1 


P.E. 


km 
fci.8 
2.6 
2.1 
1.4 
o.  2 


o.  2 
0.8 
1 . 2 
1-4 
1-7 


1-5 
1-5 

2-3 

1-4 
0.6 

1-3 

03 

1.0 

o 

1.3 

1-3 
1. 1 

0.7 
1.8 

1-7 

2.0 
1-3 
1-5 
1.9 
I.  2 

1.8 
0.5 
2.3 
2.0 
1.0 

I.  2 
0.7 
1.2 
0.8 
1-5 

1.4 
1.4 
1.6 
0.6 
=  0.5 


Other  Determinations 


km 


+     12. 


+   10. 0 


—     22.4 


Auth. 


L,  B 


. 
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Star 


G.C. 
C 
C 
C 


150.  . 
266.  . 
274.  . 
285  Ft 
286 

287 
690  Br 
167 
174 


318. 

332. 

333- 

C      204. 

H.D.    9454. 


346.  . 

350-  • 
226.  . 

238.. 
381  Br, 


L       240 

391 

392 

405 

H.D.  11635 

B.D.+32°356 

441 

Lai.    3619 

450 

451 


Ft 


H.D. 

Lai. 


12350 
3705 
468 

477 
H.D.  12953 

486 

H.D. 13267 

H.D. 13561 

C  286 

^  G.C.  1 144 

504 

H.D. 13716 

C  288 

C  289 

H.D. 13841 


Br 


I"  4' 

I  5 
I  6 

I  9 
I  9 

I  9 
I  13 
I  14 
I  15 
I  19 

I  20 
I  24 
I  25 

I  27 
I  27 

I  30 
I  30 
I  32 
I  36 
I  36 

I  37 
I  39 
I  39 
I  43 
I  49 

I  52 
I  52 
I  53 
I  54 
I  55 

I  56 
I  56 
I  57 


5  1900 


+67°IS' 

—  9  26 

+44  48 

—  8  28 
+  6  28 

—  I  31 

—  I  23 

—  9  27 
+30  49 
+  17  59 

+  18  39 
+  5  38 
+67  54 
+68  26 
+  71  54 

+48  13 
+40  54 
+  29  4 
+63  20 
-II  49 

—  18  24 
-16  28 
+  19  35 
+32  II 
+33   15 

+32  28 
+  23  7 
+33  51 
+  2  37 

—  21  19 

+  70  43 
+  54  13 
+41  51 
+  22  59 

+57  57 

+  73  33 
+  57  II 
+  56  2 
+67  13 
+47     I 

—  2  52 
+57  18 
+64  30 

—  I  40 
+56  34 


6.6 
6.6 
6.6 
7.8 
6.2 


8.1 
8.9 


9.1 


5-3 
51 
7.0 

6.7 

7.8 

6. 

4- 

8.7 

8.2 

6.1 


7-4 
3-6 
6.2 

5-8 
8.7 


7-4 
76 

5 

5-7 

7.6 
7-7 
2-3 
2.  2 

5-9 

6.2 
6.4 
9.0 
7.8 
6.0 

5-7 
8.5 
8. 

9- 

7- 


Sp. 


F7 
Ko 
Ma 
G9 
Ko 

F4 
Ki 
Gi 
K2 
K2 

Fo 
K5 
K3 
G3 

F6 

G8 
F8 
Ki 

K5 
F2 

Go 
G7 
G3 
F7 
G7 

F8 
Go 
G9 
Go 
Ma 

Fi 
F6 
K2 
K2 
A  2 

G6 
B8 

B3 

K2 
Fi 

F9 
B3 
G2 
F8 
B2 


©''236 
0.039 
0.042 
o.  29 
0.029 

O.  221 

0.489 

0.528 

0.50 

0.606 

0.041 

o.  292 

O.  122 
402 
037 

0.014 

0.41 

0.482 

o.  70 

0.410 

0.543 
1.922 
O.  Ill 

0.354 


O.  122 
0.033 
0.336 
0.014 

0.039 
0.026 
0.070 
0.239 


0.071 


0.603 
O.  112 

0.374 


0.50 
1.034 


No. 


km 

-  9-5 

-  19.9 

+   22.0 
+   17.0 


+  25.0 
+  13.7 
-  4.9 
+  20.7 
9.0 


+ 


-  7.2 
+  37.5 

-  14.2 

-  30.8 

-  18.6 

-  40.9 

-  27.9 

-  2.4 

-  50 

-  10. o 

-  5.5 

-  150 

-  44.0 

-  26.8 

-  6 

-  29.4 

-  8.5 

-  40.5 

-  17.5 

-  145 

-  91 

-  14.0 

-  9.1 

-  15.0 

-  4I.I 

-  36.5 

-  36.3 

-  44-5 
-13.2 


-  5- 

-  60. 

-  31. 
+  18. 

-  40. 


P.E. 


km 
1=0.4 

0.9 

1.  I 

2.5 

2.  2 

1.6 

1-3 
1-3 
1-7 
1. 1 

1.8 
1.4 
0.9 
1-3 
0.9 

0.6 
0.7 
0.5 
2.9 
2.0 

0.5 
0.4 
1.3 
2.0 

1-3 

1-4 
I. 

1.4 
1.5 
1.7 

2.8 

1.3 
0.6 

0.7 
1.7 

i-S 
1-3 
2.6 

0.5 
1.7 

0.5 
1.6 
0.8 

1-7 
±=0.8 


Other  Determinations 


km 


-     9-3 
+  35.4 


44.6 
27.3 


—   16.0 


10.9 
14.3 


Auth. 


V 

L,  B 


L,  C 


L,  B 

9 
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IS5 


Star 


a  I  goo 

5  I  goo 

m 

Sp. 

M 

No 

V 

P.E. 

km 

km 

2^  g^g 

+56°35' 

6.4 

E2 

o"oi5 

6 

—    40.6 

±1.6 

2    lO.O 

+  25  19 

5-8 

l-'5 

0.194 

3 

+    23.5 

1-7 

2    lO.O 

+56  IS 

7-7 

i{2 

3 

-    48.8 

2.7 

2    10.9 

+57  26 

6.1 

k2 

0.073 

4 

+      3-2 

0.7 

2    II. 0 

+  57     3 

6.2 

G4 

0.007 

5 

-    10.3 

1. 1 

2    II. 4 

+42     8 

7-9 

Fi 

0.022 

3 

-    44.1 

2.4 

2    12.0 

-  6  S3 

5-7 

G8 

0. 141 

3 

+     7-1 

1.4 

2    12.0 

+56  40 

6.7 

ii4 

0.013 

4 

-43-1 

2.3 

2    12.2 

+56  42 

8.6 

iti 

4 

-   44.6 

0.3 

2    12.8 

+  I  17 

5-8 

1"'7 

0.527 

3 

+    21.0 

1.9 

2    13.6 

+  19  14 

6.8 

F9 

0. 116 

3 

+      1.7 

1.6 

2    14.0 

+  70  43 

8.5 

K2 

0.62 

3 

-    25.2 

1-7 

2    14-5 

-26   25 

6.4 

G7 

0-505 

3 

+     5.9 

I .  I 

2  14-5 

+68  18 

7-4 

Ko 

0.13 

4 

+    12.0 

2.0 

2    149 

+  56  47 

6-5 

Ai 

O.OII 

5 

-   46.4 

0.6 

2  15-4 

+55  23 

5-2 

A2 

0.005 

3 

-    14.8 

0.7 

2  15-9 

+5656 

7.0 

B9 

0.009 

3 

-   51-4 

0.5 

2    16.4 

+  22  25 

6.6 

G2 

3 

+   22.2 

0.9 

2    16.9 

+54  55 

6.5 

J^9P 

7 

--    26.5 

I.O 

2    17.9 

+2,S  24 

7.6 

K3 

0.056 

3 

-      1.8 

2.3 

2    18.2 

+56     9 

6.2 

B2 

0.012 

5 

-  47.0 

1-3 

2    19.  2 

+  56  47 

7-4 

B9 

3 

—  42.0 

2.  2 

2    22.  I 

+  9  45 

6.5 

i^'5 

0.355 

4 

-  41.3 

1.6 

2    27.7 

+42  21 

7.6 

G4 

0.45 

3 

+   15.2 

0.4 

2    28.5 

+  72  23 

5-3 

G4 

0.031 

3 

+     0.4 

0.4 

2    29.7 

+34  15 

5-6 

Ma 

0.061 

3 

-     6.6 

1.4 

2    29.8 

+  7     2 

6.2 

G9 

0. 107 

3 

—   24.6 

0.8 

2    31.2 

+  12     I 

5-7 

i''4 

0.297 

3 

+     6.7 

1.6 

2    31.2 

+  24  13 

7-4 

^-^ 

0.152 

4 

+  16.7 

0.9 

2    32.6 

+30  24 

7.2 

Go 

0.625 

4 

-  99-8 

I.  2 

2    36.1 

-   I     7 

5-7 

F6 

0.250 

3 

+     7.3 

1. 1 

2  37-4 

+48  48 

4.2 

F6 

0.351 

5 

+  22.9 

0.8 

2    38.1 

+   2  49 

6.2 

i-^S 

0.  210 

3 

-   13-0 

1.6 

2    41.8 

+  18  57 

7-4 

Gi 

0.176 

4 

+     40 

1.6 

2  43-4 

+55  29 

3-9 

K4 

0.030 

3 

+     0.5 

0.5 

2  44-9 

+45  34 

9.2 

G4 

0.63 

3 

+   16.0 

0.4 

2  49-7 

+  26  28 

7-5 

Ki 

0.333 

3 

+  33-2 

1. 1 

2  50.8 

+  17  37 

5-6 

i^'5 

0.340 

6 

+   14.1 

1-5 

2  52.4 

+  20  16 

5-8 

F4 

0.  222 

3 

+   27.0 

0.7 

2  52.8 

+  79     I 

5-7 

Ma 

0.039 

3 

-  33-9 

0.7 

2  S3-0 

+46  49 

5-6 

G3 

0.035 

3 

+     8.0 

I.  2 

2  56.0 

+  26     4 

5-9 

A4 

0.014 

3 

-     8.1 

1.9 

2  58.9 

+  63  40 

5.8 

Ao 

0.006 

5 

—     2.2 

2.4 

3     1-8 

+49  14 

4-2 

Gi 

I.  269 

3 

+  49-9 

1.5 

3     2.7 

+  18  25 

6.5 

K6 

0.042 

3 

+  43-8 

=fci.i 

Other  Determinations 


Auth. 


507 
510 
H.D. 13866 
513 
515 

Lai.  4181 

518 

519 

JG.C.  1188 

523 


Br 


528 
298 
532 
300 
533 


534 
535 

Lai.  4358 
H.D. 14662 

Lai.  4391 


H.D 


544 
14899 
556 
C  329 

577 

582 
583 
591 
592 
C   340 


612 
617 
622  Ft 
G.C.  1427  Br 
639 


C 
G.C. 


364 
1490  Br 
661. 
667. 
669. 

672. 
686. 
699. 
710. 
712. 


km 


+  26.0 


48.3 


+  26.0 


-  1.6 


+  27.4 
40 


+  49.6 


L,  B 
L 


L,  B 
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Stak 


5  I  goo 


No. 


P.E. 


Other  Determinations 


Auth. 


722. 
G.C.  1623. 
749- 
756. 
758. 

764. 

765. 
770. 

C      453- 
807. 

814. 

C      468. 

Lai.    6590. 

825. 
829. 

831. 
C     494. 

843- 
848. 
852. 

856. 

860. 

862  B 

H.D.  23654. 

C     513- 


518. 
889. 
521. 
892. 


897 
901  B 

Lai.    7255. 

Lai.    7356. 
H.D. 25056. 

Lai.    7286. 

C     540. 

927. 

3  G.C.    2007  Br. 

937- 

939- 
945  Br. 
H.D.  25878. 
949- 
950- 


8^9 
13-3 
14-5 
14.8 

15-9 
16.0 
17.0 
20. 1 
26.3 

28.2 
28.4 
29.6 
31.8 
33-8 

34 

36.9 

38.0 

38.5 
38.9 


3  39- 
3  39- 
3  40- 
3  41-7 
3  44-4 


46 

46.4 

46.4 

47-4 

48.4 

48.6 
49-3 
51.8 
53-2 
53-8 

.54-5 
55-0 
56.5 
57-4 
58.9 


3  59-4 

4  0.9 

4     0-9 
4     1.6 

4     1-9 


34' 
+  o  23 

-  I  18 
+  25  18 
+48  43 

-43  27 
+64  14 
+  20  23 

-  5  42 
+35     7 

-  9  48 
+  17  30 
+  18  34 
+  o  5 
+  16  13 

-  5  57 
+42  18 
+  19  21 

-  10  6 
+  23  48 

+  24  9 

+  24  3 

+41  9 

+  23  18 

+   I  4 

+  22  23 
+48  21 
+60  53 
+  17  2 
+  75  53 

+  60  49 

-  3  15 
+38  33 
+   I   10 

+53  35 

+58  40 
+  74  54 
+35  2 
+39  14 
+   2  33 

+  21  44 

+37  49 

+53  6 

+37  28 

+37  47 


5-1 
I 
5-6 
6.4 
6.2 

4-3 
5-6 


5.8 

3 

6.4 

7-9 

4-4 

6.3 

6.0 
7-4 
6.3 
3-7 
3 

4-4 
4.0 
8.6 

8.3 
8.6 

7.8 

5-9 

7.8 
6.0 
8.3 

5-3 
5-0 
6.4 
7-9 
7-4 

8.0 

7-3 
8.6 

7-4 
5-4 

6. 

7- 

7- 

6.2 

5-6 


F9 
F9 
G9 
K3 
F6 

G5 
K2 

K4 
K5 
B5 

Ki 
G6 
Mb 
F9 
06 

Ko 
Go 
G5 
G9 
B7 

B7 
B9 
Ko 
Ki 
Ki 

G5 
Ko 
Ko 

A7 
K6 

K4 
G4 
Ko 
Ki 

Gop 

B4 
F8 
Ko 
G4 
F7 

Gi 
Ko 

G2p 

Ki 
F7 


o.  209 


0.095 
.  209 

3.168 
0.019 
0.050 
0.816 

O.OII 

0.972 

0-331 

012 

0.536 
0.058 

204 

0.417 

0.137 
0.749 
0.053 

0.049 
0.054 
1.372 

0.08 
0.67 


058 

0.479 

147 

646 

0.016 

0.034 


0.008 


0.026 

0.345 

2.  200 

o.  201 
o.  190 

O.  222 


o.  214 
o.  260 


km 
+  17-3 
+  23.3 
+  28.3 
+  26.4 
+  23.5 

+  88.3 

-  20.5 
+  5.9 

-  11-3 
+  24.9 

+  16.0 
+  II. 

-  8.0 
+  26.  2 
+  14-6 

+  40 
+  31.2 
+  74-9 

-  7-5 
+  10.5 


+  3-6 

+  9-4 

+  50 

-  31.9 

-  159 


+  8.4 

+  8.5 

+  48.4 

+  .37.6 

+  20.6 

+  1.9 

+  28.6 

+  22.5 
+  35.1 

-  5-8 


25-4 
35-2 
29.5 
23.9 
19 


+  25.9 
+  27.0 
+  16.4 
-  39-7 
+  25.6 


km 

ti.i 
1. 1 
0.9 
2.0 
1.6 

1-4 

0.7 

0.7 
1. 1 

2.6 

0.8 

1.4 
I.I 
o.  2 

0.7 

O.  2 


0.9 
3-2 


2.0 

2.4 

0.4 
0.9 

2.0 
I.O 

2.  2 

1-5 
0.6 
0.4 
0.7 
1.0 

1-7 


1.6 
0.6 

1-3 
I. 

1-3 

0.8 

=^0.5 


km 


+  24.0 
+  87.4 


+  1-3 


+  15.6 


+  28.6 


+  79-8 
-  5-4 

+  14.6 

+  3 
+  6.4 


+  26 


+  27: 


V 

L,  C 
V 

L,  C 
L,  B 
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Star 


5  I  goo 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


951- 
952. 
955- 
961 . 
C  560. 

/3  G.C.  2093 . 
984. 
/3G.C.  2134  Br 

1017. 

1021. 

1023. 
H.D. 27848. 

H.D. 27859. 
1025. 
/3G.C.  2187  Br 


C  585 
H.D. 28099 
H.D.  28205 

1055 
H.D.  2 


H.D. 28805 

H.D. 29103 

C   594 

1086 

H.D.  2940CJ 

H.D. 29581 
1098 
1106 
II 20 
1132 

1 149 
1150 
1154 
1 164 
1167 

1 168 
C  634 

1175 
1179 
1 184 

1 196 
C  654 

I2I2 
I217 
1222 


4  27 
4  29 
4  29 
4  32 
4  32 


4  46 
4  46 
4  48 
4  49 
4  50 

4  50 
4  51 
4  51 
4  52 
4  54 

4  57 

5  o 
5  I 
5  2 
5  3 


+  17°  4' 
+  19  21 
+  26  13 
+  5  16 
+  22     6 

+31  27 
-  7  49 
+  16  17 
+  17  18 
+33  44 

+  9  14 

+  16  51 

+  16  40 

+  18  49 

+  18  39 

+46  38 

+  16  31 

+  15  22 

+  15  28 

+  15  55 

+  15  36 
+  19  46 
+52  42 
+  15  50 
+66  3s 

+30  7 
-14  33 
+  22  45 
+  18  33 
-17     7 

+  14  5 
+55  6 
+  2  21 
+  74  7 
+33     o 

-16  54 
+34  7 
+  23  48 
+66  41 

+  15  46 

+58  53 
+64  48 
+  18  31 
+  9  21 
+46  50 


6.1 
5-7 
5-6 
5-7 
9.1 

7-4 
4.5 
7.1 
3-9 

5-8 

5-1 

7.8 
8.0 
6.0 

7-7 

6.7 
8.0 
8.0 
5-5 
6.7 

8.5 
7.2 

8.5 
5-8 
8.9 


5.6 
7.8 
6.1 
5-6 

5-2 
5-6 
5-7 
6.2 

2.9 

5-8 
8.0 
6.0 
6.3 
6.7 

6.4 
6.4 
5.0 
6.3 
5-6 


K5 
Ki 
Fi 
Fi 

A8 

F9 
Ki 
F7 
G9 
F3 

A3 
Fs 
Go 
A6 
G4. 

G4 
G5 
Go 
Fo 

F2 

G7 
F8 
K6 
A5 
G4 

F6 
Ko 
Ao 
K3 

G2 

Ma 
Ao 
Ma 
K3 
K3 

G8 
G9 
Ko 
F7 
F6 

G5 
F2 
Go 
Go 
F3 


0.024 
o.  114 
0.046 
0.143 
0.54 


4.085 
o.  107 

0.II5 
0.093 

0.029 
102 

135 
0.123 


0.317 


033 

53 
0.094 

0.375 


0.186 
0.047 
0.091 
o.  217 

0.059 
0.007 

034 
0.050 

0.028 

O.OOI 

0.60 
0.025 

0.355 

o.  104 

0.039 

o.  190 

0.540 
0.381 

0.170 


km 

-  30.1 
+  31-1 
+  18. 1 

+  34.5 
+338.2 

-  26.0 

-  42.0 
+  36-3 
+  4I.O 

-  35-4 

-  4-8 
+  42.7 
+  43-5 
+  36.1 
+  42.0 

+  38.1 

+  40.3 

+  40.0 

+  36.1 

+  43-1 

+  39-9 

+  II. 5 

+  36.7 

+  40.7 

-  51-5 

+     8.7 

+  56.6 

+  14.5 

+  38.8 

+  16.3 

-  5-7 

-  0.7 

+  13-1 

-  51-3 
+  17.7 

+  10.3 

+  40.8 
+     4-4 

+  16.2 

+  43-6 

-  7-5 
+  4.1 
+  19-8 

-  22.6 
+  36.3 


km 
±=0.3 
0.7 
0.9 
i.o 
2.7 


0.9 
1.6 
0.9 


1-7 
0.6 

0.7 
0.4 
1-7 

0.8 
1.2 
0.5 
1.4 
0.6 


0.5 
1.6 

2-5 

1.0 


1.6 

2.5 
1.6 
0.8 
1-3 

1.2 
1.0 
0.4 
1.4 
I.I 

0.5 
I.I 
0.7 

1-3 
1.0 

0.7 
I.I 
0.7 
i-S 
=  1-3 


km 


+   21.6 
+    19.6 


—   41.6 


+   37. 


+  38.4 


+  35-6 


+     3-5 


+  18.5 


L 
L,  C 


L.  Y.  B 
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Star 


5  iQoo   m 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


1256 

1259 
1267 

C  683 

1299 


/3G.C. 
C 


2745  Br 

699 
1324 

705 
1360 


1373 
Lai.  10522 

C  714 

1393 

H.D.  37937 

141 1 

H.D. 38130 

1419 

1434 

JG.C.  2977 

JG.C.  3037 

1483 

1498 

C  756 

c    758 

C   760 
C  761 

1517 

H.D. 41497 

H.D. 42474 

1549 

1564 

1565 

C   780 

1574 
1576 
1577 
1582 
C  801 

1653 
1665 

3G.C.  3474 
1687 

3G.C.  3499C 


5  12. 1 
5  13-3 
5  141 
5  191 

5  23.3 
5  23.5 
5  24-0 
5  26.4 
5  29-9 


31-4 
32.3 

34-5 
37 

38 

38.4 

40.3 

42.9 

42.9 


5  50-3 
5  53-0 
5  56.1 
5  57-3 
5  59-2 


59-3 

59-5 

59-7 

0.6 

0-5 

5-8 

6.3 

9 

9 

9.6 


6  10.5 
6  10.8 
6  10.8 
6  12.0 
6  22.0 


27.0 

28.6 

30- 

31-7 

32.0 


+42°4i' 
+40  I 
+  20  2 

-  3  II 

-  7  54 

+  54  35 

-  3  34 
+  57  9 

-  3  42 
+85  9 

+  -9  14 
+42  37 
+  74  34 
+  56  32 
+43  31 

+49  47 
+42  49 

-  22  27 

+  24  32 
+  29  41 

+  13  55 
+44  35 
+42  55 
+  19  23 

-  26  17 

+  14  24 
+35  24 
+  26  34 
-32  10 
+76  31 

+  23  14 
+  22  56 

+  19  II 
+29  32 
+44  45 

-  o  28 
+46  24 
+  12  18 
+  5  8 
+36  32, 

+  4  56 
+61  34 
+  27  22 
+39  29 
+  12  14 


5-9 
4.8 
6.2 
8.6 
4.2 

7.8 
8.6 

6.5 

8.8 

6.4 

4-4 
7-4 
7-3 
6.2 

7-7 


6.9 
6.4 
6 
9.0 


6.7 
6.1 
8.9 
5-6 

8 

7-4 
6.3 
5-2 
4-4 
8.6 

5 

6.5 

5 

5-8 

7-1 

6.0 

6 

7 

5-7 

8.3 


Mb 
Gi 
Ko 
K5 
G6 

Gi 
K6 
Go 
Ma 

K4 

G7 
K4 

G4 
Ko 
Ko 

A  2 
K2 
K5 
Ko 
Fi 

G5 
K2 
G9 
F9 
K2 

F7 
Gi 
K4 
B4 
F5 

JNIdp 
Ma 
F6 
G8 
G9 

F6 
Ki 

F5 
Go 
Gi 

G8 
G8 
Go 

K3 
Fi 


0.049 
0.843 
0.048 
o.  722 
0.042 

409 
0.841 

255 
222 
020 

0.321 
0.038 
o.  240 

037 
0033 

009 
on 
461 

0.036 


0.629 

051 
0.18 

0-93 
o.  104 

O.  212 

0-332 

0.42 

0.123 

0.004 


0.027 

o.  224 

0.274 
0.41 

o.  262 

0-I33 
0.212 
0.282 
0-394 

0.027 

0.341 
0.061 
o.  119 


km 

-  37-5 
+  64.8 

-  46.9 

+  85.7 

-  17.0 

+  25.9 

-  57-7 
+  36.2 
+  11-4 

-  45-0 

+  99-2 
+  17-8 
+   24.5 

-  28.4 
+     6.3 

-  12. 1 

+  12. 1 

-  9.2 
+  15-7 

-  II-7 

-  1.6 
+  2.2 
+  38.1 

-  190.8 

+  178.9 

+  36-0 

-  II. 8 

-  91.0 

+  99- 

-  17.0 

+  18.2 
+   22.0 

+  35-5 
+  20.5 

-  34-7 

-  36.1 
+  0.5 
+  7-2 
+  13-3 

-  4.6 

+  21.5 

-45-9 
+  28.9 

+  33-3 
+     9-6 


km 

=fco.8 

0.7 
0.6 
0.6 
1-5 

0.6 

1-3 
1.2 

1-3 


0.9 
1-4 
0.7 
1-4 
0.7 

1-4 
1. 1 

0.8 

1-5 
0.4 

I.  2 
0.9 
2.0 
2.6 
3-0 

0.5 
0.6 
0.8 

2-3 

0.4 
I.  2 

I.O 

0.6 
0.7 

2-3 

2-5 

0.8 

1.2 

1-7 


1.0 
0.2 

0.9 

o 
=  1 


km 


+   65.4 


-   17- 


+  98.6 


+  19-4 


+  182.8 


+  102 


+  33-6 
+  20.3 


+     9-6 


L,  B 
L 


L,  B,  C 


L,  C 


V 
L,  B 
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Star 


a  1900        5  igoo 


Sp. 


P.E. 


Other  Determinations 
Auth. 


C 
G.C. 


821. . . 
3562  Br 
1724 

834 
1783 


C      837 

H.D. 51349 

1801 

Lai.  13500 

1806 


1822 

JG.C.   3876 

1856 

1861 

1880 
1898 
1919 
C  884 
1937 

1940 

1963 

1971 

H.D. 59720 


2000 
2001 
2005 
2006 
2024 

C  922 
2031 
2049 

2053 
2075 


Ft 


^G.C. 


2079 
4320 
2084 
C  940 
2008 


/8G.C.    4355 

2099 

C     947 

2117 

H.D.  65734 


6'^35'Pi 
6  37-3 
6  39-5 
6  47.4 

6  49-5 

6  49-5 
6  51.9 
6  53-7 
6  55-2 
6  56.3 


59-2 

59-6 

6.6 

7.6 

8.6 


7  II.  I 
7  14-2 
7  17-2 

7  17-7 
7  20.5 


20.9 

24-3 
26.0 

26.  2 
29.8 

32.6 
32.6 
33-7 

37 

38-1 
39-2 
41 
41.9 

47 

47-4 

47.8 

48 

49 

51-3 

52 
52.6 

53.7 
54-9 
55-0 


+  24°  3' 
+40  44 
+43  41 
-53 
-II  55 

+40  13 

+  69  21 
+  87    12 

+52>  49 
+  24  21 


+34  38 

+  27  24 

+  16  20 

+  25  4 

+41  4 
+  22  10 
+40  52 
+46  18 
+68  40 

+  21  44 

—  I  42 

+  17  18 
+66  41 

—  22     5 

+57  19 

+34  49 

+  17  54 

+48  22 

+65  42 

+39  49 
+  28  16 

+2,2,  40 
-Z2  59 
-13  38 

+47  49 
-13  36 
+  74  II 
+  19  31 
+  16     3 

+  I  25 
-22  37 
+  21  8 
+  25  40 
+54  25 


K6 
Mb 
F9 
K5 
K4 

K5 
Ma 
Ma 

Fo 

Gi 

K2 
G4 

F8 
Mb 
K7 

B9 
K4 
Ko 
Ko 

Ko 

F5 
K3 
Ki 
Mb 
F7 

K4 
Fo 
K8 
G7 
K2 

F6 
G9 
Ma 
F9 
Go 

K4 
Ko 
K3 
K4 
K3 

F6 

Gip 

G9 

G8 

A6 


34 

171 
0.158 
0.582 

138 

0.43 

0.005 

0.051 


0.015 

0.006 
0.087 


051 
0.105 

O.OII 

0.025 
0.024 

0.45 
0.044 

0.309 

O.OII 

0.089 
0.017 
0.081 

0.018 
0.125 
0.004 

0.144 

0.046 

0.68 
0.625 

0.040 
I.  710 

0.344 
0.043 

O.  lOI 

0.034 
0.471 
0.056 

0.178 

0.041 

0-573 
0.014 
0.006 


km 

-  44 
+   41 

-  24.0 

-  9-8 
+  99-4 

+  49-9 
+  13-6 
-23.6 
6.3 
8.5 


+ 


+  40 
+     4.6 

-  13.8 

-  7.8 
+  47-1 


I5-0 
2.7 

22.4 
8.5 

56.9 


+  51 

-  4-4 

-  39-7 
+  19-6 
+  58 

-  12.7 

+     5-5 

+  29.7 

+  40.3 

-  28 

-  3 
+     4 

-  9-5 
+  99-9 

-  18 

+  17.6 

-  28.6 

+  36.4 

-  18.2 

+  10.7 

-  0.7 
+  12.2 

-  27.7 
+     2.4 

-  27 


km 
fcl.2 
0.7 
0.8 
1-7 
1-3 

i.o 
1.9 
1-7 
1-7 
i.i 

1. 1 
0-5 
2.4 
0.7 

1-5 

2.1 

1-5 
1.0 
1. 1 

0.5 


1-3 

1-4 
0.8 

1-7 


1.9 
2.0 
1-7 
0-3 
0.7 


0-5 
1.0 
0.6 
2.  2 
I.  2 

0.8 

0-5 
I.  2 
1.8 
2.0 


0.5 
0.8 
0.9 
1.8 


km 


+  97-7 


L,  C 


-     9-3 


+  61.0 


L,  C 


+     6.5 


+     3-6 


+  100 


+  13-4 


L,  C 


i6o 
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Star 


3  I  goo 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


2118. 

2130. 

C     952. 

2131. 

/3G.C.    4414- 

H.D. 66637. 

2157- 
2169. 
2170. 
2174. 

C  977- 
2202. 

C  982. 
2218. 
2223. 

2224. 
2229. 
2231. 
2234. 
2268. 

2275- 

H.D. 72522. 

2278. 

C    1000. 

2282. 

2289. 

2294. 

C    1008. 

C    1014. 

/3  G.C.    4709. 

2308. 
2309. 
2310. 
2312. 
Lai.  17072. 

2328. 

2333- 
H.D. 74484. 

2348. 
2368. 

/?G.C.   4815  S. 

^G.C.   4815  N 

/3,G.C.   4844.  • 

2394-  ■ 

2412.  . 


7  57-1 
7  57-2 
7  57-4 
7  58.8 

7  59-4 

8  4-4 
8  6.5 
8  6.6 
8  7-0 

8  12 
8  I4-0 
8  16.3 
8  17.6 
8  18.5 

8  18.6 
8  20.  2 
8  20.3 
8  20.5 
8  26.4 

8  27.1 
8  28.3 
8  28.6 
8  28.8 
8  29.6 

8  30.9 
8  32-1 
8  32.2 
8  34-4 
8  34-4 

8  34-4 
8  34-4 
8  34-6 
8  34.8 
8  35-8 

8  37-7 
8  38.6 
8  39-2 
8  40.6 
8  45-2 

8  46.0 
8  46.0 
8  49.0 
8  50.5 
8  54 


+  i7°35' 
+  2  37 

+  72  13 
+  28  4 
+  12  35 

+  12  29 
+  25  49 
+  17  57 
-12  38 
+  76     4 

+30  56 
+  27  32 
+66  48 
+  18  39 
+  10  57 

—  26  2 
+  17  23 
+67  3& 
+  7  S3 
+38  22 

+  24  25 
+  54  4 
+  73  59 
+42  6 
+  19  56 

+  53  45 
+33  9 
+  26  24 

+  11  53 
+  68 

+  20  22 
+  20  19 
+  20     I 

—  22  19 
+33  44 

+  13  2 
+42  3 
+33  37 
+  29  8 
+44     6 

+  71  II 
+  71  II 
+  26  35 
+  12  o 
-15  45 


4-5 
8.0 

5-0 
7-9 

8.5 
5-8 
6.0 
4-7 
5-7 

8.6 
5-2 
8.9 
5-9 
6.3 

5-9 
6.2 
6.0 
5-2 
6.0 

6.4 
8.7 
6.3 
8.6 
6.6 

5-7 
6.1 
7.6 

7-9 

7.8 


6 

6 

6.4 

5-4 

8.5 

5-7 
8.2 
8.0 
4.2 
5-2 

8.7 
9.1 
6.7 
5-7 
5-9 


K4 
K2 
Go 
K3 
G9 

Ko 
G5 
Go 

G8 
G6 

K5 
F7 
K4 
Fi 

Ma 

F5P 

F4 

G7 

G5 

K3 

G9 
G8 
G8 
K4 
F5 

G4 
K2 
Gi 
K2 
Gi 

G8 
A2 
G8 
G6 
K2 

A6 
K4 
K2 

G5 

G6 

K6 
K9 
Gi 
K4 
F5 


0.015 
o.  106 
0.496 
0.056 
o.  141 


0.361 
0-155 

0.027 
027 

0.873 
0.3S8 
0.52 

0.064 
0.021 

0.017 
o.  246 

0.056 
0.043 

o.  204 

0.091 

0-93 
o.  106 

0.66 
0.045 

0.072 
0.023 

0.237 
0-531 

0-339 

0.044 
0.036 
0.041 
0.478 


O.OII 

0.702 

O.OII 

0.054 
0.037 

1.390 
1.390 
0.44 

0.021 

0.324 


km 
+  41-9 

+  72-1 

+  36.6 

-  3-7 

-  II-3 


km 
to. 7 
0.8 


+  71-4 


+  34-9 

-  39-8 

-  5-1 
+  36.2 

+  7-2 

+  12. 1 

+  33-8 

+  18.5 

+  35-3 

+  3-8 

+  64.0 

+  36-9 

-  2.3 
+  12.2 
+  15-3 

+  75-2 

+  12.8 

+  I.I 

+  58-9 

+  35-5 


42.6 
4-5 
23-4 
12.9 
17. 1 


+  36.9 

+  33-1 

+  33-3 

+  43-6 

+  24.7 

-  18.8 

-  25.4 

-  27.0 
+  17-4 
+  I5-I 

+  48.0 

+  47 

+  35-6 

+  24.8 
+  121..8 


0.3 
0.4 
0.9 

1.8 
1-5 

1-3 
0.9 

1-9 
0.8 
1. 1 

0.9 
0.4 


1.8 

0.8 
1-7 
1-5 
i.o 
2.9 

1-7 
1. 1 
1.2 
1.2 
0.6 

1-7 
I.  2 

1-7 
0.8 
2.0 

1.2 

1-4 
0.6 
o.  2 
0-3 

0.6 
2.2 
0.2 
1.2 
=  1.8 


-  44-7 


+  37-3 


+  36.6 


+  15-I 


+  33-9 
+  33-4 
+  36.4 


+  16.2 
+  20 


L,  B 


L,B,C 
B 
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l6l 


Star 


Sp. 


No 


P.E. 


Other  Determinations 


Auth. 


2417. . 
2441. . 
2442  Br, 
2442  Ft 
C  1083 

JG.C.  4968  Br 
2478.  .• 
2501 .  . 

H.D. 81299.. 

2528.. 

2529. . 

2536. . 

2538- • 

C  1126.  . 


2555-  • 
2556.  . 
1131.  . 
2580.. 
1143-  • 

2589.. 
2603 . . 
2609.  . 
2618.. 

2621 .  . 

2622.  . 
1163.. 
2639.  . 
2656.  . 
2658.. 


2660. . 

2663 .  . 

2671.  . 
C  1189.. 
C  1192. . 

jSG.C.  5291.. 

2694.  . 

2698  Ft 
^G.C.  5334  Br 
C  1222.  . 

B.D.+5i°i586.. 

C  1225.  . 

2720. . 

/3G.C.  5365-. 

2728.  . 


8^55 
9  I 
9  1.7 
9  1.7 

9  3-8 


6.9 

13-4 
19.7 
20.0 


9  20.4 
9  22.9 
9  23.1 

9  24-7 
9  26.  2 


26.6 
26.6 
26.9 
31-5 
310 

33-2 
35-9 
37-7 
40.  2 
40.9 

41.0 
43-5 
45-6 
49-5 
50.2 

50.3 

52.8 

54-9 
56.1 


9  57-9 
10  1.9 
10  2.9 
10  3.6 
10  6.3 

10  7-5 
10  7-5 
10  9.4 
10  10.8 

10  II. o 


+32°  39' 
+67  32 
+  23  23 
+  23  23 
-14  44 

+47  24 
+35  3 
+  18  8 
+33   12 

+  17  I 

-  4  41 
+  81  46 
+  9  30 
+  6  5 
+52  .  8 

+  11  45 
+  10  9 
+  27  26 
+  16  53 

+  72  12 

+  5  6 
+  26  22 

—  23  28 

+  24  14 
+  7  10 

+  12  16 
+  14  14 
+  13  32 
+  73  21 
-18  32 

+  57  54 
+  9  24 
+  8  47 
+56  5 
+  71  21 

+38  30 
+  17  15 
+12  29 

-19  15 

+  24  15 

+50  48 
+  53  I 
+31  58 
+  18  14 
+24  o 


4-9 
6.7 
7-1 

7-3 

7.8 

6 

6.6 

7-9 

6.3 

5-8 
4.6 

5-5 
7.6 

3-2> 


5-3 
7-1 
5-9 

7.8 

4.8 
6.4 
5-0 
31 
6.0 


6.7 
6.0 
5-2 

6.0 
5-9 
6.3 
8.3 
8.3 

6.8 
3-6 
7.6 
7.2 
8.6 

9.0 
9.2 
6.6 
6.6 
5-9 


A  2 
F5 
F3 
F4 
Go 

F7 
Gi 
F6 
G9 
Ko 

K4 
K4 
Go 
K4 
F5 

G9 
K3 
G8 
Ki 
F6 

K2 
K2 
F8 
Go 
Ma 

K5 
A2p 
K7 
K2 
Ma 

G4 
Ki 
K4 
G7 
Gi 

F6 
A2 
K2 
G2 
G4 

G6 
K3 
G3 
Fi 
Gi 


0.007 
0.070 
o.  161 
o.  161 
0.557 

0.038 
0.149 
o.  180 

0.037 

0.079 

0.023 

0.027 

0.055 
0.533 

1.092 

0.130 

0.024 
o .  279 
0.021 
o.  26 

o.  176 
0.049 

0.474 

0.048 
0.040 

.016 

.829 

■  037 
.079 
.050 

.068 

.090 

.035 
.498 
.24 

.  170 
.012 

.247 

.355 
.414 


0.74 
0.047 


o.  209 


km 

-  12.8 

—  O.I 

+  28.6 

+  31-8 
+  59 


—  20.  2 
+  55-9 

-  15-3 
+  17.9 
+  13.5 


km 
±2.0 
I.  I 
0.6 
O.  2 


1-4 

0.8 

2.0 

1-4 
I. 


km 


+  5 

-  0.4 

-  7.4 
+  27.2 
+  16.9 

+  31-7 

+  14.4 

+  14-3 
+  6.4 

-  27.5 

+  46.2 

-  25.7 
+  33.6 
+  4.1 
+  5.2 

+  30.5 

-  22.6 

-  8.7 
+  5.4 
+  43-0 


42.4 

9-5 
21. 1 

23-9 
38.2 


+  33-8 

+  i.o 

+  I.I 

+  II. 9 

+  82.7 

+  9-9 

-  25.1 
+  14-6 

-  6.1 

-  29.5 


I 
o 

1.3 
1-4 

I.I 

0.6 


1.9 

1.4 

2.4 


1-3 
1.8 

0.7 
0.9 

2.  2 

1-5 
I.  2 

0.7 
1.6 

0.6 
0.9 

1-5 
1.2 
1.0 

I .  I 
1. 1 
1. 1 
0.6 
1-5 

1-7 
2.2 
1.9 

1.7 
=  1.1 


-  5-9 


+  IS- 


+  20. 


+  45-8 


+  5-1 
+  0.9 


-  46.3 

-  17.4 


+  2.6 


L,  B 


L 
L,  B 


L.  B 


LAY,  B,:C 
V 


V 
V 

Y,  L 
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Star 


2740 

C  1244. .  .  . 

2741 

2742 

2743 

2744 

2748 

j3  G.C.  5409  Br. . 
2762.  .  . . 
2776.  .  . . 

2777 

2780.  .  . . 
C  1264.  .  . . 

2799 

2800. . . . 

2816 

/3G.C.  5515.  ••• 

2846 

H.D. 92706. . . . 
2853.... 

2865 

2868 

2881 

C  1307 

B.D.+33°2049 


2912.  . 

C  1325.  ■ 

2918.  . 

2920.  . 

2922.  . 
2925.  . 
2927.  . 
2938.  . 
2950.  . 


^G.C. 
/3G.C. 
/3G.C. 


S  1900 


io^i4nii  +54°  43' 
+  20  22 

+  19  59 
+  20  21 
-[-20  21 


2956.  .  . 
5695  B.. 
5695  A.. 
5695  C. 
2971  Br. 


2978... 

2986. .  . 

I3G.C.  5744  Br. 

C  1383... 

^G.C.  5757  Br. 


10  14.2 
10  14-3 
10  14.5 
10  14-5 

10  15. I 
10  15.9 
10  17.4 
10  18.9 
10  22 

10  22.4 
10  22.8 
10  23.2 
10  26.6 
10  26.9 

10  29.6 
10  34-5 
10  36.3 
10  37.2 
10  37-7 

10  40.1 
10  40.9 
10  43-4 
10  46. I 
10  47.1 

10  47.7 
10  50.5 
10  50.9 
10  52.0 
10  53-9 

10  54-5 
10  54.9 
10  55-4 

10  58.5 

11  1.8 

II  3-5 

II  5-5 

II  5-6 

II  5-6 

II  8.6 

II  10.6 

II  13-2 

II  14-3 
II  14.8 
II  16.6 


4-42  21 
+  2  48 
+  15  52 
+83  4 
+37  13 

+  10  16 
+66  8 

-  6  5 
+76  14 
+  14  39 

+  7  28 
+  9  22 

-  I  13 

+  I  23 

+46  44 

+  57  54 
+  6  54 
+  29  57 
+  20  49 

+2>i   31 

+34  45 
+42  2,3 
+  28  17 
+78  18 
+40  58 

+46  4 
-17  46 

+  49 
+  o  32 
+  2  30 

+  25  12 
+31  o 
+31  o 
+31  2 
+  74     I 

+  13  51 

-  4  31 

-  I  6 
+66  23 

+  18  45 


Sp. 


No. 


6.2 

9.2 

5-0 
2.6 

3-8 

6.7 
6.5 
7-4 
5-3 
4-4 

9 
6.4 

8.1 

5-0 
5-7 

5-2 
8.1 

6.4 
7.6 

5-3 

6.5 
6.3 
6.3 
8.1 
7.6 

3-9 

6 

8.6 

6.3 

5-1 

5-7 
4.2 

5-0 
6.2 

5-7 

5-6 
9.8 
8.8 
9.0 

7.8 

5-5 
7-2, 
7.0 
9.2 

8.1 


Ko 

Mdp 

F5 

G8 

Gs 

Ao 

B4 
G2 
Fo 
G6 

A2 

K2 

G9 
G7 
Ma 

G5 
F6 
Ko 
Ko 

A8 

Ma 
Ki 
G9 
Fi 
G9 

Ki 

Ki 
G6 
G7 

G2 

K5 

Ko 
Ki 
K3 
G9 

A2 
Ma 
K7 
G6 
K5 

K2 
G8 
F6 
Ma 
Ki 


0.023 

490 

329 

0.338 

0-353 

O.OOI 

0.008 
o.  292 
0.084 
o.  161 

0.014 

0.045 
0.478 
0.030 

0.041 
o.  119 


0.I9I 
0.008 

289 

081 
0.039 
0.103 
0.502 

0.049 

0.304 

O.  lOI 

0.472 

0.081 
0.320 

0.016 
0.481 

0.023 

0.066 

0.386 

0.004 

0.623 
0.623 


0.405 

0.028 

0.808 

O.'. 
2.C 

o.  182 


km 
II-3 

9.8 

4-9 
36.6 
36.0 


-  7-3 

+  17-2 

+  18.9 

+  8.7 

+  4.7 

-  10. o 

-  25.1 
+  28.7 


+ 
+  34- 


P.E. 


Other  Determinations 


+  5-9 

+  13- 

+  43-6 

+  18.5 

+  6.1 

-  2.8 

-  8.4 
+  10.2 
+  61.4 
+  II. 8 

+   18.2 

-  52-4 
+     6.7 

-  49-2 
+  II-7 

+  9-5 
+  46.0 
+     8.7 

-  7-8 

+  55-8 

-  5-6 

-  27.6 

-  13-5 

-  Z3- 
+     8.6 

+  II. I 
+  10.6 
+  19-0 
+  47-4 

-  3-6 


km 
'=0.5 

2.3 
0.9 
0.7 

2.8 

2.8 
2-5 

0.8 

1-4 
0.6 

I. 

1-7 
1.6 
0.8 
I.I 


1.9 
0.5 
0.5 
1.4 
1-4 

0.6 
1.6 
i.o 
1.6 
I.o 


km 
+     8.1 


+     6.! 
-36 


+     6.2 


-   25.1 


+  16 
+  34-0 


Auth. 


5+  16.5 

3 

9 


1-4 
I.o 


0.3 

O.  I 

1-7 
1.6 
1. 1 


1-7 
0.8 
0.6 
1.6 
0.6 

1.6 
1-5 
1-4 
1-7 
±1. 


-  55-7 

-  50.4 


+  47-2 


+  II. 7 


V 

L,  B 
L,  B 


L,  B 


L,  B 
V 


L,Y,C 
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Star 


6  1900 


Sp. 


No. 


PE. 


Other  Determinations 


Auth. 


Lai.  21683  •  •  • 
3022. . . 
3025. .. 
3030- ■• 
3032. .. 

3033 • ■ • 
C  1426.  .■. 
3046 . .  . 
3047- •  ■ 
3075- • • 

3078... 
3081 . . . 
3093 • • • 
3095 • • • 
3100... 

B.D.+i4°2447-.. 

/3  G.C.  5960  S. . 

/3G.C.  5960  N. 

3141. 

C  1497. 


^G.C. 


3155 
3157 
6028 
3166 
3169 


3179 
C  1523 

3186 

/3  G.C.  6C390 

C  1533 

Lai.  23040 

C  1542 

3208 

3209 

3213 

3216 
C  1551 
C  1564 

3233 
C  IS79 

3258 
3261 
Lai.  23398 
3274 
3279 


Ft. 


I  23.4 

I  24.5 

I  25.3 

I  26.6 

I  26.7 

I  28.4 

I  29.6 

I  29.6 

I  35-8 


I  36.4 

I  36.9 

I  41.6 

I  41-7 

I  43-7 

I  48.7 

I  49-4 

I  49-5 

1  56-5 

2  0.1 

2  0.1 
2  0.6 
2     i.o 

2  3-3 
2     4.6 

2  6.8 
2  7.8 
2  9.8 
2  10.  o 
2  10. o 

2  13-0 
2  14. 1 
2  14-4 
2  145 
2  15-3 

2  15-7 
2  16.9 

2  19-9 
2  20.  2 
2  24.6 

2  24.9 

2  25.3 

2  26.1 

2  28.0 

2  29.0 


+37°  46' 
+62  19 

+  15  58 
+  18  58 
+14  55 

+61  38 
+65  48 
+55  20 
-32  18 
+34  46 

+32  18 
+67  18 
+56  II 
-39  57 

—  26  12 

+  14  35 
+19  58 
+  19  59 
+36  36 
o  57 

+  9  17 
+63  30 

+69  15 

—  24  10 
+  2  28 

+57  37 
+  10  36 

+S5   59 

—  6  42 

—  9  44 

+  19  o 
+  17  6 
+88  15 
+28  43 
+  3  52 

+  18  21 
+42  42 
+38  52 
+  24  29 

—  2  46 

—  12  50 
+52  5 
+  17  10 
+  10  51 
+41  54 


6.9 

•9 

6.0 

•7 
6.3 


7.2 
5-8 
6.1 


00 

5-4 

.0 

5-4 


8.4 

8.4 

6 

8.4 


4.2 
6.2 
7-1 
4-2 
6.1 

6.5 
8.0 

6.3 

3 

6.1 

7-5 
7.0 

6.3 
6.3 


4-9 
9.1 
8.1 
6.1 
8.6 

6.4 
6.2 

7 

6.5 

4-3 


A4 
F3 
K3 
Ko 
F9 

F4 
F5 
G5 

K2 

G5 

F2 
K2 
K4 
G3 
Mc 

Fi 
G4 
G6 
G9 

08 

G6 
Ki 
F4 
Fi 

K2 

K4 
Ko 
G9 
G9 
F3 

F6 
G2 
A8 
F8 
Ko 

G6 
Ma 
F6 
G9 
G3 

Go 
F6 
Ki 
G8 
Go 


0:063 
0.267 
0.066 
0.078 

3S7 

0.079 
o.  204 
0.012 
058 
0.390 

0.347 
0.058 
0.043 

1-574 
0.028 

0.032 
0.445 
0.436 
0.136 

531 

0.221 
0.087 


0.093 
o.  190 

0.020 
0.430 
0.023 
0.317 
1.024 

0.026 
0.237 
0.067 
0.245 
0.307 

0.139 

0.57 
0.62 
0.072 
o.  721 

O.  2 

0.275 

0.025 

0.063 

0.758 


km 
12.3 
8.6 

-  28.1 
+  25.5 

-  4-7 

-  44.9 

-  31-4 
+  18.4 

-  22. 1 


+  31-2 

+  5-8 

+  5-0 

+  13-6 

+  5-3 


5-9 
8.2 

4-5 
3I-I 
14.6 

29.6 
23-5 

12.6 

5.6 


+  35-3 

-  8.3 
+  0.6 
+  18.6 
+  5-9 

-  27.7 
+  5-7 

-  2. 

-  7-6 
+  35-9 

+  47-4 
+  15 

-  I 

-  4-4 

-  3-6 

-  0.2 
+  18.6 
+  II. 4 
+  I 
+  7 


km 

to. 6 
1.8 
0.2 
1-5 
0.4 

0.6 
0.2 
2.  2 
2.6 
0-5 

0.3 
1-3 
0.6 
0.7 
I.I 


1.6 
0.5 
0.7 
1-3 

0.9 

1-4 
0.8 
2.1 
0.9 

I.o 

0.9 
0.2 
1.0 
1-5 

2-3 

1.0 

2.  2 
1.2 
0.2 

0.6 
1.8 
0.8 
0.9 
0.8 

I 
I 

0.6 
o 
=0.6 


km 


-  24 


+  17-5 


L,  C 


—  29.  2 

—  27. 2 


+  3-6 


L,  C 
V 

L,  C 


+  42.7 


L,  B 


+  7-9 


L,B 
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Star 


C  1604.  . 

3307  s. 

3307  N 
3321 
C  1627 


1628 
1630 

3344 
3346 
3347 

1640 
3353 
1657 
1664 
1666 

3380 
3381 
3398 
3401 
3402 

3412 
1692 
3424 
1695 
3438 


3443 
G.C.  6442 

3446 
3448 
3449 


6452 
1722 
1723 
6476 
3483 

3487 


G.C. 
C 
C 

G.C. 


H.D. 117262 
/8  G.C.      6500  Br 
H.D. 117317 

/3G.C.     6524  Br 

3518.  . 

H.D. I 18936. . 

Lai.    25249.  . 

Lai.    25265.  . 


Br 


2^36 
2  36.6 
2  36.6 
2  40.3 
2  43-9 


2  44 
2  44 
2  46 
2  46 
2  46 


2  48 


47-9 
I 

53-9 

55-7 
56 

56 

56 
1-5 
2.4 
2.4 

5-1 
6.4 
7- 
7-5 
10.6 


3  II- 
3  II-9 
3  12.6 
3  13-2 
3  13-5 


14.9 

iS-7 
16. 1 
18.9 
22.6 

23-5 
23.6 

24 
24 
24.4 

28.3 

33 

35-1 

35 

36 


5  1900 


+  69°  21' 

-  o  54 

-  o  54 
+39  49 
+  25  23 

+  60  52 
+   I  45 

-  9  48 
+  3  36 

+  28     5 

-17  57 

-  3     I 

-  9  18 

+  18  55 
-26  50 

+67  8 
+  17  40 
+  23  9 
+  28  10 
+62  35 

+  18  3 
+  10  9 
+  28  23 
+  18  3 
-19  25 

+  9  57 
+  17  33 
+  60 

-17  45 
-22  39 

+35  39 
+  4  39 
+43  38 
+  29  45 
+63  46 

+  14  19 
+  72  55 
+34  II 

-|-I2  O 
+  70    51 

+35  25 
+36  48 
+  76  26 
+48  24 
+33  21 


Sp. 


Gi 
Fo 
Fi 
F6 
G6 

F5 
G8 
G8 

K3 

F6 

F3 
F6 
K2 

F5 

F4 

G8 
G8 
Mc 
K4 
G8 

F4 
G2 
Gi 
F6 
Ki 

Go 

K3 
Ma 
G8 
G7 

Ma 

K3 
Ki 

K5 
G7 

G3 
K4 
Ko 
G8 
Fi 

A5 
A  2 
G4 
F3 

F8 


0^46 

0.564 

564 

375 

0.367 

0.096 
0.665 
0.021 
0.035 
0.031 

0.877 
o.  262 
0.850 
0.245 
0.545 

0.150 
0.033 
0.066 
o.c 

0.045 

0.450 

0.559 
1. 184 

0.578 

o.  322 

0.382 

0.691 
0.016 

1-529 
0.083 

0.884 

0.575 
0.438 

0.535 
0.444 

0.634 
0.030 

0.026 


0.040 


o.  104 
0.026 
0.026 

0.059 


No. 


+ 


+ 


km 

5-5 
20.3 
18.4 
79-3 

7-3 

9-5 

3-4 

16.8 

30 


+  143-9 

-  7-6 

-  3-6 
+  i.o 
+  226.4 

-  28.1 

-  5-8 

-  4-3 

-  i5-c^ 
+  15-6 

-  18.9 
+  18.6 
+  5-6 
+  49-3 
+  31 

-  24.3 
+  4 

-  28.2 

-  10.9 

-  6.6 

-  2.4 

-  23 

-  38.8 

-  36 

-  30.1 


+ 


+ 


5-3 
47 
9.6 

3-4 
40. 1 


-  29. 

-  16 

-  42.6 

-  5-8 

-  0.3 


P.E. 


km 
to. 6 
1.6 
1.8 

1-9 

0.7 

2. 1 

0.5 
2.0 
0.7 


0.9 
1.9 

1-3 

0.7 
2. 1 

I .  I 
0.6 

1 .0 

1.8 
1-5 

0.2 
0.9 
0.4 

0.3 
I.  2 

1-7 
0.7 
1.6 

0.8 
1-7 

0-9 
1.2 
2.2 

1-9 

0.8 

1. 1 
0.5 
1-7 
1-7 
2.4 

I.  2 


Other  Determinations 


km 


+      2.9 


-    31-4 


-   14-5 

+  13-9 


+     6.1 


-  26.0 

-  6.6 

-  5 


Auth. 


L 
V 

L,Y 

L,  B,  C 


L 
L 
L,C 
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Star 


a  1900 


6   1 900 


Sp. 


Xo, 


P.E. 


Other  Determinations 


Auth. 


/3G.C.    6589  Br 

3537 

3541 

C      1786 

C      1789 

3551 
3554 
3557 
3558 
3571 


^G.C. 

/3G.C. 

C 


6641  Br 
6641  Ft 
1804 
3581 
3594 

3595 
3605 
3616 
3630 
3631 

3634 
3641 
3647 
3650 
3656 

3658 
3669 
3671 
1885 
3691 


3710 

3715 

/3G.C.  6896 

C  1913 

3736 

3754 
3757 
iSG.C.  6977  Br 
3761. 
3771  Br 

Lai.  26928 
/3G.C.  6999  Br 
/3G.C.  7001 

Lai.  26994 
3785 


J3h36'?3 
13  38.0 
13  390 
13  40- 7 
13  41-5 

13  41-9 
13  42.0 
13  42.2 
13  42.5 
13  44-4 


13  44 

13  44 

13  45-8 

13  46 

13  49 


13  49-7 
13  53-8 

13  590 

14  3-9 
14    4.6 


5-7 
7-5 
9 
9-3 


14  10. 2 

14  10.4 
14  13  I 
14  13-3 
14  17.6 
14  iS 

14  23.0 
14  25.2 
14  25.8 
14  28.7 
14  33-6 


14  36-9 
14  37-5 
14  38.2 

14  390 
14  40.6 

14  41. I 
14  41.4 
14  41.7 
14  44.2 
14  45-2 


+  51°  2' 
+  4  3 
+  23  12 
+  15  26 
+  56  23 

-  9  13 
+  6  51 
+  78  34 
+  17  57 
-17  38 

+  27  29 
+  27  29 
-23  53 
+3S  10 

—  II 

-  7  34 
+  15  8 
-14  29 
+44  20 
+49  56 

+  59  49 

—  26     9 

-  5  29 
+  13  26 
+69  54 

+41  59 
-18  15 

—  25  22 
+30     6 


-   I  47 

+50  18 

15  II 

+  9  47 

+  18  44 

+  12  5 
-34  45 
+  58  23 
+  26  57 
+  27  30 

+34  48 
+  10  4 
+42  48 
+  18  37 
+38  13 


6.3 
5-6 
6.4 
8.5 
6.4 

6.2 

6.3 
6.1 

4-5 
5 

7-9 

8. 

6. 

6.0 

5-3 

6 

6 

6 

5-4 

5-4 

6.5 
6.3 
6.3 

5-5 
5-4 

6.2 

7 

5-9 

8.6 

6.3 


6 

8.4 
8.9 
6.0 

5-6 
41 
7-4 
4-9 
2.7 

7.8 

7-5 
7.2 

7-4 
6.0 


Go 

K3 
K5 
1Mb 
F6 

K4 

F9 
G8 
F7 
Ko 

K6 
K6 
G2 
Ma 
Ki 

F8 
K4 
Ki 
Mb 
Ma 

G7 
G8 
F8 
F7 
Ma 

K3 
A3 
F5 
K6 
G8 

F9 
G3 
G2 

K3 
Ko 

G5 
K3 
Ko 
Ma 
G8 

Ma 
G3 
F5 
Ko 
F2 


0157 
302 
0.072 
2.  298 
0.372 

0.042 

0.499 

.080 

.487 
.108 

0455 
0-455 
0.658 
0.072 
091 

167 

087 
048 

037 
0.068 

o.  117 
0.004 

0.317 
267 
068 

122 
0.070 

;38 

o.  727 
0.066 

0.134 
0.312 

0-433 

0.55 

0.096 

0.205 
o.  207 
0.244 
0.024 
0.049 

0.044 
o.  272 
o.  129 
0.026 
0.276 


km 

8.5 

41.9 

9.6 

151 
I  .0 


+      7.8 

-  31-8 

-  6.2 

-  16.9 

-  41 

-  20 

-  21.  2 
+     2.6 

-  37-0 

-  3-9 

-  195 

-  40.  2 

-  14-5 

-  34-7 

-  II. 9 

+   II. 6 

-  9-2 

-  33-6 

-  38.1 

-  22. 1 

-  7-2 

-  9-5 

-  21.5 

-  39-7 

-  0.7 

-  10.  7 
4.6 

+  28.7 
+  28.1 
-13.2 

-23.2 
33-0 
8.5 

+     7-7 
13-5 

32.8 
+   24.9 

-  21.6 

-  27.3 


km 

4=2.  2 

1-4 
0.3 
1-3 
1-7 

0.3 
I.  2 

1-4 
0.9 
0.8 

0.4 


0-5 
1-3 
o.  2 


2.0 
0.8 
1.9 

O.  2 

1-3 

2-3 
2.  2 
0.8 

1-4 

1.9 


1.6 
2. 1 
0.8 

I.O 

0.7 

1-7 
1.6 
0.6 

1-3 
0.7 
0.8 
0.8 
1-5 

1.6 
I.  2 
0.7 
0.2 


km 


8.2 
16.2 


41.9 


38.4 
13.6 


-    38.6 


—  23.1 

-  39-2 


+     8 
—   16.4 


33-4  =*=!•! 


V 
L,  B 


V 
L,  C 

L 

m,  L,  B,  C 
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Star 


b   1900 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


C  1962.  . 
3797-  •  ■ 
3798  Ft 
^G.C.  7040  Br 
H.D.  131444. . 

C  1972. . 

C  1973- • 
3810. . 
3812.. 
3816.. 


/3G.C. 
C 


3817.. 
3822.  . 
7079  Br, 
1988.  . 
3833- • 


3843. • 
3847.. 
3855 •• 

C  201 I. . 

C  2018. . 

/3G.C.  7162  Ft 

3882. 

3887. 

3895- 

C  2043. 

C  2044. 
3900. 
3907- 

/9G.C.  7226  B 

C  2055 

3927 

3931 

/3G.C.  7263 

iSG.C.  7268  Br 

/9G.C.  7268  Ft 

3938. . 
3952.  • 
3960  Ft 

3963- 
3983- 

4001 . 
C  2112. 
4029. 
4048. 
4054- 


41146'Po 
4  46.6 
4  46.8 

4  47-9 
4  48.6 


48.9 
49-3 
51-3 
51.6 
52.4 


4  52.5 
4  53-1 
4  53-7 
4  54-2 
4  57-1 


0-3 
0-5 
2.9 

3-0 
4.8 

8.3 
10.  2 

14.2 
14.6 

14-7 

15-2 

iS-9 
16. 1 
17.7 


5  20.7 
5  21.2 
5  21.6 
5  22.7 
5  22.7 


23-3 
28.7 
30.0 
31.0 
35-0 


5  39-3 
5  41-7 
5  46.1 
S  SO.  2 
S  Si-3 


-23-53' 
-30  10 

+  19  31 
+  19     9 

+66     4 

+  19  33 
+  23  45 

-  II      o 

-20  58 

+  o  14 

+1647 

+  50       2 

-  4  35 
-21  36 

+82  55 

+  72  9 
+48  3 
+  25  16 
+  9  16 
-15  59 

+  19  40 
+  5  19 
+33  41 
+  29 

-  8  18 

+  26  4 
-17  48 

+  I  5 
+31  3 
+   I  47 

+37  42 
+  15  47 
+  18  31 

-  8  59 

-  8  59 

+  25  27 

-  9  43 
+  10  52 

+  17  59 
+80  47 

+  6  44 
+53  18 
-13  SO 
+20  36 
+43  26 


7-7 
6.4 
6 


K5 
Go 
K4 
F9 
Ma 

Ki 
K4 
K2 
Ma 
Ki 

G3 

F8 
F8 
F4 
F8 

F9 
Go 
F4 
F6 
G9 

G7 
G9 
G5 
F6 
F9 

G9 
G8 
K2 
Fs 
K4 

Go 
K6 
F7 
G8 
K2 

Ma 
Ki 
A6 
G7 
G3 

K2 
G2 
Gs 
K4 

Ma 


1 .022 
0.342 
0.168 
0.185 
0.007 

0.485 
0.817 
0.002 
1. 916 
0.069 

0.028 
0.257 
0.384 
0.785 
o.  294 

0.398 
0.387 
o.  262 

0.534 
3.684 

0.654 
0.023 
0.155 

0.644 

O.  211 

0.568 
0.069 
0.125 


0.507 

o.  172 

0.033 
0.023 
0.349 
0.349 

0.039 
0.389 
0.068 

0.081 
o.  246 

0.139 

o.  261 
0.044 

0.083 
0.075 


km 

-  64.5 

-  25.3 
+     6.9 

-  48.1 

-  27.4 

-  24.8 

-  32.3 
+  iS-i 
+  25.9 
+  18.5 

-  16. 1 

-  15-1 

-  29.3 
+158.0 

-  39-9 

-  44.6 

-  24.3 

-  10.4 

-  60.6 
+306.4 

-  41.1 

-  33-9 

-  10.  7 
+  50.6 
+  28.1 

-  32.9 
+  3-8 
+  10.5 

-  42.  2 

-  29.9 


-  18.6 

-  6.8 
+  2.9 

+  7.8 

-  6.3 
+  45-3 

-  34-3 

-  21.8 

-  16.3 


+ 


S-7 
34-2 
21.4 
60.8 

9.8 


km 

^1-3 
0.7 
2. 1 
i.o 
0.9 

1.  2 
1.4 
2.0 

3-9 

0.7 

0.4 
1-7 
0.9 
1.9 
0.8 

1.2 

0.5 
0.8 

2.  2 
1-7 

1.5 
1.0 
2.2 
1.6 
1.4 

2.2 
1.2 
0.2 
1.0 
o 

o 

0.8 

1.9 

2.3 
1.6 

1.0 
0.4 
I.I 
0.7 
0.3 

1.2 
1. 1 
2.4 
1-3 
fci.o 


km 


+  19-5 
—   16.0 


23-7 
7 


—   12.6 
+  53-8 


+  48.6 


+     3-3 


L,  B 
L 


L,  B 
L,  B 


L,  C 


m,  L,  B,  C 
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Star 


a  1900 

IS^54'?5 

IS  56-7 

IS  S7.2 

IS  S8.9 

15  S9-6 

15  S9-9 

16  1.5 

16  2.9 

16  3-3 

16  3-6 

16  8.3 

16  8.6 

16  9.0 

16  II. 4 

16  13.0 

16  13.2 

16  14.0 

16  15.0 

16  16.5 

16  17.5 

16  18.6 

16  18.7 

16  19.2 

16  20.7 

16  21.0 

16  22.6 

16  23.5 

16  23.6 

16  26.2 

16  27.4 

16  31. I 

16  34.2 

16  34-9 

16  36.0 

16  40. I 

16  40.4 

16  40.8 

16  41.0 

16  41.4 

16  46.3 

16  46.4 

16  47.9 

16  50.1 

16  50.4 

16  50.6 

5   1900 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


C  2134.  . 

407s •  ■ 
4077 .  . 
4083 . . 

4087  c. 

C  2149.  . 

C  2154.  .• 

C  2160. . 

B.D.+7o°86i.  . 

4101 .  . 

4130-  • 
4132  N 

H.D. 146025. . 

H.D.  146470. . 
4147- • 

Lai.  29744.  . 

4IS2. . 

4157- • 

C  2184.  . 

4165.. 

4173- • 

4175-  • 

Lai.  29893 .  . 

Lai.  29932.  . 

/3G.C.  762761 

4192. . 

4195- • 
C  2196. . 

4207. . 
C  2202.  . 

4222.  . 
B.D.+5i°2i2i.  . 

4234-  • 
4242.  . 

4257- • 

4260. . 
4262. . 
4264.  . 
C  2238.. 
4285.. 

/3G.C.    7778  Br. 

/3G.C.    778361. 
C    2251. 
4305- 
4307- 


+  28°  i' 
+  18     6 

+33  36 
-II  6 
-19  32 

+  25  31 
+39  26 
+38  55 
+  70  23 
+  17  19 

+  s  17 

+  13  48 
+32  52 
+32  25 

-  4  27 

+38  53 
+66  37 
+  75  28 
+67  29 
+  19  23 

+34  2 
+33  56 
+32  52 
+32  42 
+  17  32 

+  61  44 

+  o  53 
+  3  29 
+  20  42 
+48  II 

-27 
+51  45 
+  77  39 
+49  7 
+  6  17 

+  I  12 
+  15  56 
+  8  46 
+33  41 
+  I  23 

+  9  34 
+  28  49 

-  8     9 

+43  o 
+  21     7 


G8 
G7 
F9 
G7 
B3 

Ko 
G9 
Ks 
Mb 
G5 

K4 
G9 
Ki 
K4 
G6 

K3 

K,2 

K2 
K6 
A2 

Ma 
K6 
K4 
K4 
Go 

G6 
Ks 
G9 
Gs 
F7 

Ko 

G3 
G8 
Ma 
G8 

B9 
Mb 
K5 
K8 
A I 

F6 
F4 
Md 
F9 
G7 


or85 

OIS3 

0.810 

0.080 

0.04 

0.862 
0.571 
0591 
0.020 
0.046 

0.046 

0.459 
0.027 
0.035 
0.086 

0.026 

O.OII 

0.041 

0.505 

0.062 
0.049 

0.055 

O.OII 

0.038 

0.019 

0.062 
0.076 

0.532 
0.095 
0.301 

0.546 

o.  119 

0.286 

0.044 

0.352 

0.003 

0.054 

0.016 

0.37 

0.029 


1.234 
0.349 
0.059 


+ 


km 
71. 
16. 
20. 
33' 
7- 


-  36.1 

-  59-6 
+  24.8 

-  17.0 

-  10. o 

-  2.8 
+  21.3 

-  6.6 
-164.3 

-  II.  2 

-  33-6 
+  II. 7 

-  24. 1 

-  13-8 

-  39-3 

-  9.6 

-  36.6 

-  0.4 

-  44.3 

-  31-7 


14.5 

7.6 

22.  7 

17. 1 
46.9 


-  14.4 
+  25 

-  31-5 

-  54.0 

-  S-o 

-  9.4 

-  17.7 

-  22.3 

-  30.0 

-  26.3 

-  35-1 

-  24.9 

+   II. 9 
7.9 
0.7 


+ 


km 
±=I.O 
O.  2 

1-7 

2.1 
2.9 

O.  2 

0.4 
2.7 
2.7 
0.7 

1.6 


0.3 
0.6 


1.9 
2.3 

1.  2 

2.7 

4-7 

2.  2 
0.5 

0.  I 

0.9 

2.0 

2.0 
1-7 
2-3 
1-7 
1.4 

1.9 

0.7 

1.  2 

0.4 
1-3 

3-5 
1.4 

2-3 

1.6 
1.4 

0.6 
0.8 

1.8 

1.7 
=  1.4 


km 
-16.6 


-     9-4 


-     9-2 


-  39 


-   139 


+   17-4 


-  55- 

-  6.3 


V 


L,  C 


L,  B 
V 


+     5-S 
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Star 


c 

G.C. 


4310 
43" 
4318 
4326 
4336 

4343 
2279 
7872 

4351 
2284 


H.D. 154928 

4364 
jSG.C.  7898 

4373 
4386 

/3G.C.  7936 

H.D.  156824 

4393 

4396 

C  2310 

4413 
4414 

4424 

4433 
B.D.  +  68°930 

C  2339 

4447 

4449 

/3G.C.  8068 

C  2347 

C  2348 

4470 

B.D.+i8°3424 

4473 

C  2351 

C  2353 

C  2354 

4480 

4482 

4487 

C  2358 


Br 


Br 


4497 
4504 
4505 


Br, 


a  igoo 

l6'i50™9 

16  51.0 

16  53-8 

16  56.0 

16  58.5 

16  59.9 

17  0.2 

17  2.0 

17   2.2 

17  3-4 

17  3-4 

17  6.3 

17  7-8 

17  10. I 

17  12. I 

17  12.2 

17  14.6 

17  14.9 

17  15-3 

17  15-4 

17  x8.7 

17  19.0 

17  21.4 

17  25.2 

17  26.2 

17  29.1 

17  29.2 

17  29.3 

17  300 

17  33-4 

17  33-9 

17  34-0 

17  34-3 

17  35-4 

17  35-8 

17  36.2 

17  37-0 

17  37-0 

17  37-5 

17  38.5 

17  39-0 

17  39-3 

17  42.5 

17  43-7 

17  43-7 

&   I  goo 


+  25°  53' 
+  18  36 
-24  56 
-18  44 
+  14  14 

+35  3,2, 
+  o  51 

+59  42 

+48  57 
+  4  34 

+  73  27 
+40  54 
+  21  20 

+  14  30 
-34  53 

+56  15 
+  2  40 
+  28  56 
+  60  47 
+  9  34 

—  21  21 
-24  9 
-12  25 

-  o  59 
+68  27 

+63  56 
+  16  23 
-21  59 
+  66 
+  18  37 

+  18  37 
+61  57 
+  18  37 
+  74  17 
+68  52 

+37  16 
+68  26 
+  24  34 
+  16  o 
+  4  37 

+  21  40 
+  24  22 

+  27  47 
+  72  12 
+  72  12 


Sp. 


G5 
K6 

Ma 
Ko 

Mb 

Mb 
Go 
K3 
Ko 
Go 

K5 
K3 
Ki 
Mb 

K5 

F5 
F2 
G8 
G9 
Go 

G8 
Ki 
F6 
G6 
G7 

Gi 
G9 
B9 
F8 
Ma 

Fo 
Go 
K2 
G8 
Ko 

F7 
Mb 
K2 
F2 

K2 

G8 
G2 
G5 
F3 
F7 


0.031 
o.  106 
0.022 
0.052 
0.070 

0.058 
0.321 
0.427 
0.089 
o.  208 


0.007 

0.053 


0.030 
1. 194 


0.045 
0.046 

0.313 
0.045 

0.004 

0.075 
0.215 


0.  21 
0.058 
0.015 
0.070 

1-39 

0.28 

0.563 

1 .  20 
0.081 
0.150 

0.94s 
1-334 
0.052 
0.096 
0.158 

0.623 

0.132 

817 

267 

0.279 


No 


km 

-  O.I 

+  13-4 

-  31-6 
+  43-7 
+  46.6 

-  II. 4 

-  18.6 

-  73-2 
+  12.1 

-  18.4 

-  4-9 

-  52.2 

-  48.3 

-  31.2 

+     3-4 

-  3-4 
+  25.6 

-  14.0 

+  17-7 

-  12.8 

-  55-4 
+  20.5 

-  40.2 

-  80.4 

-  33- 

-  29. 

-  21.0 

-  12.4 
+     2.6 

-  9-3 

-  240 . o 

-  II. o 

+     1.6 

-  8.4 

-  55-1 

+  39-2 

-  16.5 

-  31-7 

-  44-2 

-  II. 4 

+  20.6 

-  25.0 

-  16. 1 

-  9.6 

-  II. 4 


P.E. 


0.8 
1.8 

I.  2 

1-3 

1.9 
1-5 
1-3 
1-3 

0.8 

0.  I 
0.4 

1-7 

1.  2 

1-3 

1-4 
2-3 
0.7 

2-3 
1. 1 


1.2 
1-7 
1-4 
0.3 
1.9 


0.9 
0.4 
1.6 
2.0 
0.9 

2.5 


1-3 
0.6 

1-5 


3-2 
0.6 


2.  2 
i.o 
I.  2 
1-3 
^1-3 


Other  Determinations 


km 
-      0.6 
+  II. 5 


+  4I-0 


-   59-4 


32.4 
4: 


-    70.7 


-   II-5 


iS-7 
10.4 


Auth. 


L,  B,  C 
L 


L,  B,  C 
L 
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Star 


0  1 900 


Sp. 


No 


P.E. 


Other  Determinations 


Auth. 


4508 
/3G.C.  8209  Br, 
Lai.  32882 

4527 
Barnard's  Star 


/8G.C. 


4542. . 
4553  •  .- 
4555-  • 
8316  Br, 
4571  Br 


C  2392 

4576 

Lai.  33290 

C  2396 
4582 

4593 

4595 

Lai.  23516 

4606 

H.D. 167063 

4609 
4618 
4623 
/3G.C.  848561, 
4638 

/3G.C.  8507  Br 
4647 . . 

Lai.  33888 .  . 
4656.  . 

Lai.  34058 .  . 

Lai.  33996 .  . 

C   2421 .  . 

H.D. 169957. . 

8  G.C.  8568  Br, 

C   2423 . . 

H.D. 1 70615. . 
H.D. 170780. . 


4701 . . 
4711. . 

4721. . 

G.C.  8679.. 

C  2448. . 

4723  Br, 
G.C.  8734  Br 


•'44'P8 
47 
50 
51 
52 


7  54 
7  56 
7  57 

7  58 

8  o 

8  o 

8  I 

8  I 

8  2 

8  3 

8  4 
8  4 
8  5 


8  II 

8  13 
8  14 
8  16 


8  16 
8  17 
8  18 
8  19 
8  19 

8  20 
8  21 
8  22 
8  22 
8  22, 

8  25 
8  26 
8  26 
8  28 
831 

8  33 
8  33 
8  34 
8  34 
8  37 


+  25°  39' 

-  7  53 
+42  40 

+  o  41 
+  4  25 

+30  12 
-24  17 

+45  30 
+  26  22 
+  2  31 

+  4  39 

—  21  27 

+42  51 
+  8  52 
+30  33 

+36  23 
+  36 
+43  33 
+31  23 
+33   15 

+54  15 
-32 
+64  22 


+  27  29 
+51  i8 
+  79 
+  21  43 
+43  53 

+  9  41 
+  8  34 
+  82 
+  6  29 
+46     I 

+44  II 
+  8  I 
+59  29 
+23  33 
+52  16 

■\-33  23 
-  3  17 
+  28  51 

+63  37 
+31  28 


Ki 
Go 
Ko 

B3 
Mb 

F2p 

F4 

K6 

Ki 

Ko 

Gi 
B2 

K2 
F7 
F5 

K3 
F4 
Ki 
Ma 
K6 

G9 
G2 

F2 
F2 
G8 

Gi 
Ki 
K2 
Ki 
G8 

K3 
G9 
G2 
A5 
Go 

K3 
Ma 
G8 
K4 
G7 

B9 
Go 
G5 
F7 
K3 


0*046 
o.  246 
0.004 
0.006 
10.5 

0.004 
016 
044 
72 
131 

296 

014 

0.035 

0.152 

0.113 

213 
0.205 
0.017 

018 
0.020 

0.274 
0.274 
0.346 


0.898 


0.062 
0.012 

324 
001 

0.016 
0.47 
0.151 
o.  no 

0.398 

0.014 
0.029 
0.061 
on 
0.008 

0.024 


•  47 

•254 

.82 


km 

-  23.9 
-124. 

-  0.7 

-  17-5 

-  107 

-  21.2 

-  8.9 

-  9-3 
+  23.3 

-  3-9 

-  124. 1 

-  5-8 

-  13-1 
+  I7-I 
+  0.9 


6.4 
16.6 
23.1 

3-7 
0.0 


+ 


-  14.6 
+  1-5 

-  35-5 
-49-6 
+  10.  2 

-  19.0 

-  10.4 

-  31-3 

-  55-6 
+  1-5 

-  16.4 

-  24.9 
+  41.2 

-  35-0 

-  86.5 

-  29.3 

-  22.4 

-  91 

-  3.8 

-  199 

-  27.6 

-  21.4 
+  28.4 

-  II-5 
+  33-9 


km 

^0.5 

2.  2 

0.6 

2.0 

45 

0.7 
1.6 

1-5 
0-5 
2.0 

1-4 
I.I 
0.9 
2.  2 

1 .0 

0.6 
1.9 
I.I 

1. 1 

0.7 

1-3 
i.o 

0.7 
0.4 
1-4 

1-3 
2.4 
1.9 
2.0 
1.0 

1.6 

2-5 

2.9 
1.6 
1-7 

0-5 
I.  2 
0.4 
I.  2 
2.0 

1-7 
1-5 
I.  2 
2. 1 
^3-3 


km 


-128 


21.6 


-  7-4 


+  0.4 

-  6.9 

-  14.2 


-  1-4 


-  16.8 


-  35-7 
+  "9-6 


-  57-0 


-  29.3 


V 
L 
L,  B 

L,  B,  C 
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Star 


S   1900 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


4751 

/3G.C.  879861.. 
/3G.C.  8798  Ft.. 

Lai.  34958 

4787... 


C  2475 

Lai.  35518 

4840  B... 
4852  Ft.. 

4860 

C  2492 . . . . 

4863 .  .  . . 
0  G.C.  9043  Br. . 
^G.C.  9116AB. 

/3G.C.  9116C... 
/3G.C.  9136  Br., 

4915- 

4920. 

B.D.+4i°33o6. 

4937 
Lai.  36491 

4958 
^  G.C.  9319 


4987 
G.C.  9381 
'  G.C.  9401 

5005 
5009 

S014 
5019 
5031 
5033 
5038 


Br. 


^G.C. 


^G.C. 


^G.C. 


9569  Br. 
5043 •  •  • 
5045 •  •  • 
9602.  .  . 

5049  •  •  • 

5051  Br. 
5051  Ft. 
9650  Br. 

5075- • ■ 
5082 . .  . 


i8''4iT3 
18  41-7 
18  41.7 
18  44.1 
18  49-3 

18  52 
18  53 
18  56.2 
18  57-6 
18  59-7 


-  I"  4' 
+59  29 
+59  29 

-  10  29 
+52  51 

+48  44 
+  5  48 
+  18  20 

-  o  51 

-  4  II 


19 

1.2 

+  31.  36 

19 

2.2 

+  7  29 

19 

2.  2 

+  76  54 

19 

2.6 

+  22  I 

19 

8.0 

+  16  41 

19     8.0 
19  10. o 

19  ^3-3 
19  14.0 

19  15-7 


+  16  41 
+  18  54 
-15  43 
+46  49 
+41   28 


17.2—  o  27 

17.6  -10  54 

+43  12 

+  27  7 

28  13 


19 
19 

19  20.8 
19  22.5 
19  26.4 


19  26.7 
19  27.2 
19  28.9 

19  31-7 
19  32.6 

19  33-8 
19  350 
19  37-8 
19  37-9 
19  39 

19  39.8 
19  40.4 
19  40.7 
19  41.8 
19  42. I 

19  42.6 
19  42.6 
19  45  o 
19  48. I 
19  48 


+  27  45 
+  17  34 
+  20  12 

+  51  I 
+  69  29 

+49  59 

—  16  31 

+45  17 
+  11  35 
+50  17 

+  26  54 
+41  32 
+37  7 
+33  22 
+34  46 

+33  30 
+33  30 
+35  4 
+52  44 

-  8  50 


5-7 
8.8 

9-3 
7-9 
5-6 

5-9 

9 

8.0 

8.5 
7.2 

5- 

9-5 

6.5 

7-5 

6.4 

7.6 
7-9 
6.3 
6.0 
7.6 

6.0 

7 
6.0 
7.8 
7.0 

•4 

■4 

7-4 

5-8 

4.8 

4.6 
5-4 
5-0 
5-6 
6.4 

6.6 
6.0 
5-0 
8.5 
6 

5-0 

8.1 
6.8 

5 
6.0 


A4 
Mb 
Mb 
K2 
G8 

F2 
Ma 
G7 
G5 
K5 

K5 
K5 

F3 
F3 


G6 
F7 
K3 
F4 
G8 

G8 
Ro 
G5 
F9 

G6 


Gi 

A7 
F6 
G9 

F2 
Ki 
F4 
F5 
G3 

Go 
K6 
G7 
K4 
Ki 

F6 
K4 
F4 
K5 
K4 


0.031 

2.307 

2.307 

0.05 

0.288 

0.143 
1.247 


0.037 

0.085 

812 

0.080 


0.030 

0.243 

0.031 

0.28 

0.28 

0.66 

0.051 


0.046 


0.741 

0.014 
o.  127 

0.057 
0.205 
1.S40 

0.249 
0.085 

142 
0.013 

204 

0.062 
0.017 
0.076 

0-433 
012 

0.452 
0.452 
o.  119 
0.072 
0.022 


km 

+  18.5 
+     i.o 

+    8.0 

-  53-4 
+     2.8 

-  II. o 

+  19-3 
-23.6 
-25.9 

-  58.5 

+  6.8 
+  12.2 

-  27.8 
+  II. 5 

-  18.3 

+  37-6 

-  8.3 

-  18.0 

-  44-6 
-I2-; 


km 

^3-4 
2. 1 
3-2 
1-5 

1.  2 

1.8 

1-7 
1.9 

2.  2 


1. 1 

2.7 

1-3 
I.  2 
2 

0.9 
1-7 
1-4 
•3 


+ 


10.4 
44.6 

3 
7.6 

42.5 


-  13.6 

-  58.2 

-  52.1 
+     o. 

+  29. 

-  26.4 

-  56 

-  20.  2 

-  27 

-  28 


3 



8.4 

3 

~ 

40.4 

S 

— 

2b.  I 

4 

+ 

6.5 

3 

— 

18. 1 

3 

+ 

1-4 

4 

+ 

1.2 

6 

— 

27.2 

3 

— 

16.5 

3 

49.0 

-  28.5 


I 

2.6 

1-3 
2.6 

1-7 

1.8 
2.  2 

1-4 
0.7 
2.  2 
I .  I 
1-4 

0.7 
0.7 
1-4 
2-3 
0.9 

1-5 
1.2 
0.8 

1-5 
0.7 


1-4 


^1-5 


-  45-0 


-  43-' 


+   26.2 


-   28.3 


-  23.9 

—  20.2 

}+  5-5 


L,  B 
L,  B 
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Star 


5083 
5093 
5102 

5119 
C    2607 

5143 
5149 
5156 
5157 

B.D.+36°3883 


;3G.C. 


5166 
S168 
5169 
5176 
9979  Br 


Br. 


B.D.+i5°4o89 

5184 

/3  G.C.  10044 

5196 
5201 

^229 
5231 
5255 
5256 
C    2662 

5263 
5276 
5280 
B.D.+5°457o 
5299 

C    2672 

5304 
C    2673 

5306 

C    2676 


C    2682 

B.D.+i9°4489 

Lai.  40126 

/3  G.C.  10504  Br 

fi  G.C.  10504  Ft. 


5334 
5335 
5344 
5364 
5379 


a   1900 


19'' 49 

19  50 
19  52 

19  54 
19  55 

19  59 

20  o 


20  4 

20  5 

20  5 

20  6 

20  6 

20  8 
20  9 
20  II 
20  II 
20  12 

20  18 
20  19 

20  25 
20  25 
20  26 

20  26 
20  29 
20  30 
20  2,3 
20  34 

20  34 
20  34 
20  34 
20  34 
20  34 

20  36 
20  37 
20  41 
20  41 
20  41 

20  42 
20  42 
20  42 
20  46 
20  50 


&  1900 


+46°  46' 
+  69 

+38  13 
-10  13 
-12  31 

+  70 
+64  32 
+  23  20 
+35  42 
+36  17 

-36  21 
+20  37 
+  20  37 
-12  55 
+43  3^ 

+  15  47 
+61  47 
+52  49 
+  21  17 
+  24  22 

+39  56 
+40  42 
+30  2 
-15  23 

+45  35 

—  10  12 
+56  26 
+  72  12 
+  5  18 
+  12  58 

-24  8 
+  9  44 
+42  29 

—  18  29 
+  4  37 

+  19  34 
+  19  30 
+31  25 
+  15  32 
+  15  32 

+  15  46 
+  15  46 
+  57  13 
-60 

+  27  41 


Sp. 


Oes 
G8 
B6 
F8 
F6 

G8 
Ma 

B3 
G8 

Ma 

K3 
G8 
F2 
F4 
G5 

F6 
F6 

F5 
Ki 

G7 

Gop 

K6 

F6 

G2 

K2 

G3 
K4 
K4 
F4 
K2 

G8 
G2 
F6 
Ma 
K5 

G3 
Ki 
Ki 
G8 
G6 

F6 
Ki 
F8 
F5 
K5 


0.015 
0.484 
0.012 

O-A 
0.504 


0.025 
0.015 
0.008 
0.496 


1.626 
o.  122 

O.  Ill 

269 


0.016 

O.  I; 
179 

031 
0.027 


0.003 
0.054 
O.OIO 

0.073 
0.173 

0.317 

0.021 

0.025 

0.90 
020 

0.658 

0-315 
197 

035 
844 

0.337 

0.009 

0.015 

O.  121 

o.  100 

0.195 
207 

o.  241 

090 

0.009 


No 


km 

-  5-4 

-  41. 

-  30.8 
+  22.6 

-  15 

-  27.5 

-  34-6 

-  4.6 

-  35-1 

-  154 

-131-6 

-  42.5 

-  40.5 
+   22.1 

-  40.8 


+ 


+ 


4-7 
15-I 
33-5 

3-6 
17.9 


-  5 
+  I 

-  18.0 
+  30.9 

-  30.7 


+ 


8.7 
14. 1 
42.3 


-  17. 1 

-  50.0 

-  50.4 
+  I.I 

-  12.3 

-  42.9 

-  37-5 
+  12.9 

-  12. 1 

-  25.1 

-  28.6 

-  7-3 

-  5.6 

-  27.8 

-  26.6 
+  8.7 


P.E. 


km 
t2.I 
I.O 
I.  2 
I. 

1-3 

1-3 
0.9 

2.5 
0.9 
1.0 

1-3 
1-7 
I .  I 

1-4 
1-7 

1-3 

0.3 

1-3 

I 

1.6 

1.0 
2.0 
1-5 
1-7 
0.9 

1. 1 


2.4 
1.4 

3.2 
1. 1 
0.9 
0.7 
1-7 

1-5 
0.8 
I.I 
0.8 
1-3 

1.0 

1-3 
0.8 

1-3 

=  1.2 


Other  Determinations 


km 


39-5 
33-8 


■130 


17.9 


5-6 
19.  2 


-  43-9 

-  13.1 


l_ 


6.3 
-  31-2 


Auth. 


L,  B,  C 
L,  O 


P,  m,  L,  B 
L,  B 


L,  B,  C 
L,  B 
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Star 


5  1900 


Sp. 


No 


P.E. 


Other  Determinations 


Auth. 


5385 

C    2707 

5388 

C    2712 
Lai.  40627 

B.D.+69°ii36 

5399 

5409 

Lai.  408 1 1 

C    2727 

C    2732 

5433 

5434 

Lai.  41058 

jSG.C.  10792  N 

/3  G.C.  10792  S 

C    2753 

5457 

C    2757 

Lai.  41378 

Lai.  41391 

Lai.  41405 

5472 

5476 

5482 

5490 

Lai.  41576 

C    2783 

5519 
C    2790 

C    2794 

5523 
C    2797 
B.D.+45°3566 
^G.C.  11051  Br 

/3  G.C.  1 105 1  Ft 

B.D.+67°i324. 

5543- 

Lai.  42193. 

5560. 

B.D.+30°4496. 

C    2816. 

5569- 

•  5584. 

C    2823. 


20°  50' 
20  51 
20  52 
20  53 
20  53 

20  53 
20  54 
20  55 
20  58 
20  59 


+  13°  20' 
+61  48 
+80  II 

+42  30 
+48  48 

+69  34 
+  3  55 
+  18  56 
+31  57 
+45  29 

+'  6.41 
+38  15 
+38  15 
+32  22 

+  19  33 

+  19  33 
+  73  18 
-15  35 
-39  15 
+  17  12 

+  17  18 
+  17  34 
+55  23 

-  4  59 
+  23  26 

-  9  45 
+  16  4 
+  o  41 

+31  47 
-12  56 

+11  50 
+46  6 
+45  27 
+46  6 
+20  16 

+20  16 
+67  56 
+45  9 
+32  41 
+   I  48 

+31  5 
+  26  18 
+  o  50 
+  9  25 
+  24  53 


5-4 
6 


Ko 

Ma 
Ko 
G9 
G9 

G9 
F2 
Ma 
K4 
K2 

K7 
K7 
K8 
Ko 

A9 

F2 
Ko 
Mb 
Ma 

F3 

Ki 

F4 
K2 

G7 

G9 

K4 
K4 
F4 
Fo 
K6 

F6 
G9 
G8 
Fo 
F6 

F7 
K2 

G5 

G8 
Ko 

F8 
G4 
K2 
Ko 
Ko 


0.023 
0.77 
0.040 
o.  2 


020 
191 

075 
0.014 
0.403 

0.5S3 
5.267 

5-153 
0.023 
0.038 

038 

518 

0.019 

3-532 

0.037 

0.022 
0.016 
0.024 
0.026 
0.253 

0.050 
0.022 
0.186 

0.134 
1.052 

o.  i8o 

o.  114 

56 


027 
0.099 
0.045 

0.088 

0.047 

0.355 
0.015 
0.025 
0.65 


km 

-  8.0 

-  8.4 

-  27.  2 

-  18.9 

-  14.  2 

+  10.  I 

+  9-0 

-  14.4 

-  8.2 

-  II. 6 

-  6s 

-  65.5 
-62.3 

-  24.0 

-  18.9 

-  21.6 
+  10.3 

-  38.3 
+  23 


+  5-3 

+  8.5 

-  20.0 

-  5-5 

-  88.3 

+  13-4 

-  67.4 
+  10.4 
-25.2 


-  23.5 

-  17-4 

-  83.2 

-  II. 4 
+  15-0 


10.6 

19.9 

7.0 

9-5 

34-1 

27.8 
41.0 
10.7 
6.1 
50.7 


km 

±=0.8 
2-3 

I.O 

0.6 


0.9 

2.0 
1-5 
1-4 

2-9 


2.4 
0.3 
1-5 

2.7 

2-7 

1.  2 
1.6 
1.6 

2.  2 
2.6 

1.6 
0.4 
0.9 
0.8 
1.6 

0.5 
0.9 
2.  2 
1. 1 
2.0 

2. 1 
1. 1 
0.7 
0.6 
1-4 

2.6 
1.6 

0-9 
0.9 
I.  2 

0.7 
3-4 
1-7 
o.  2 
=  0.9 


km 
II.  2 


26.3 


-63: 


+    13 


-    18.4 


-    25.2 


+     7-0 


-  34-9 


L,  B 
V 


+     5-3 
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Star 


b  I  goo 


Xo, 


P.E. 


Other  Determinations 


5587 

5595 

5602 

Lai.  42626 

B.D.+64°r596 

Lai.  42655 
5632 
5638 
5639 
5645 


C 


2857 
5658 
5674 
5677 
5682 

5691 
5694 

5707 
5711 


5723 
5724 
5730 
5741 
5745 

5746 
5752 
5772 
5781 
5782 

5786 

5790 
Lai.  43S76 

5796 
G.C.  11761  Br 


5799 

5800 

5804 

B.D.+7s°832 

5822 

C    2937 

B.D.+6o°24i4 

5838 

^G.C.  11873 

5847 


21  40.9 
21    41 

21  46.5 
21    47 

21  47  3 
21  49-7 
21  51 -4 
21   51. 

21   53- 

21   53-4 

21  56 

22  0.6 
22  0.9 
22     I 

22  2. 7 

22  3.8 

22  5-3 

22  7,0 

22  8.2 

22  8.4 
22  8.4 
22  9.1 
22  II.  I 
22   II. 6 

22  II. 6 
22  13.6 
22  18.8 
22  21. I 
22  21 . 1 

22  21.5 
22  22.8 
22  23.4 
22  23.9 
22  24.4 

22  24.7 

22  24.9 

22  25.4 

22  27. 1 

22  30.1 

22  30.5 

22  31.4 

22  2>i-S 

22  34.4 

22  34-9 


+  28°i7' 

-  9  44 
+  25  6 
+32  12 
+64  46 

+31  27 
+  55  44 
+  Si  28 
+  56     8 

-  21  40 

+  3  t8 
+  12  38 
+  4  34 
+64  8 
+  82  23 

+  18  59 
+  58  21 

-  4  46 

+  15  iS 
+  56  21 

+  69  38 
+34  7 
+  28     7 

+  72  49 

-  9  32 

+37  15 
-13  48 
+  20  21 
-17  15 
-17  15 

+  3  53 
+  4  12 

+  16  45 
+64  37 
+  57  II 

-  13  26 
+  3  55 
+47  12 
+  75  43 
-24  30 

+  4  52 
+60  19 

+  73  7 
+43  47 
+  19  10 


7-9 

7 

6.9 

6.9 

6.0 

6 


4-9 
6.5 
7-1 


6.3 

6. 
6. 
•4 

:)-5 
5-4 
6.0 
6.1 
6.1 

4.2 
6.1 
6.1 
6.6 

6.4 


6.2 

5-7 
4.6 

7-9 
6.0 

8.4 
7-1 
5-  2 
6.9 
6.1 


F5 
Mb 
Ki 
Ko 
Mb 

K4 
G4 
F6 
B8 
Mb 

Go 

F3 
K6 

F7 
F6 

Fi 

G6 
G9 
Ko 
F6 

F2 
K2 

K3 
G8 

K3 

K3 
G9 
F4 
Gi 
Gi 

F7 
Ko 
Ko 
Bi 

Mb 

F2 

Fi 

K2p 

Ki 

Ko 

Gi 
F2 
F2 
F9 
A  2 


•370 
.016 
.  148 


0.029 
0.028 
o.  172 
0.009 
0.015 

0.308 
0.077 
0.144 
o.  226 
o.  141 

o.  126 
0.030 

0.963 

0.022 
o.  270 


.047 

•  045 

•  031 
■  053 


0.074 
0-338 


0.225 

•  295 
■  325 
.017 

.oil 

.87 

.iSi 
o.  141 
0.021 
0.009 
0.016 

0.45 


o.  241 
019 


+ 


km 
17.2 
21.3 

44-4 
19.6 

4-9 


-  II -3 

-  144 

-  3-7 

-  19. 8 

+     3 

+  24 
+     6.5 

-  195 

-  6.3 


—  14-3 

—  10.9 

—  17.6 

+  II. 4 

—  22 

+      I 

~     5 

—  18.4 

+     I 

+  12 


+  30-5 

-  24.1 

-  3-8 

-  6.7 

-  18.2 

+  53-7 
-39-8 

-  14. 1 

-  23.6 

-  II.  2 
+  0.5 

10. 6 

-  12.9 

-  2.5 

-  7-4 


+ 


30 
19.6 


km 
to. 8 


1.9 


km 

+    18.8 


1-3 
1.6 


1 .0 
1.6 

1-5 
1. 8 
0.9 

1.6 

2.5 
1-3 


I .  I 

0.  I 
0.9 

1 .  I 
0.6 

0.7 

1-5 
i.o 
1.6 
0.9 

1 . 2 
1.6 
0.7 

1-4 

2.4 

0.9 
2.0 
1.6 
0.8 
2. 1 

1-7 
I.  2 

0.8 

1-4 
=  2.6 


-      4 


-  18.8 

-  0.4 

-  8.7 


7-4 


+  54. 


0.9 
-    II. 6 


L,  B 


V 

L,  B 
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Star 


5851.  ■  ■ 
5868  Ft. 
5872... 
5874. . • 
5875- •■ 

5881  A.. 
5881  B.. 
5892. .. 

5905 • ■ • 
5907 . .  . 

5909 
5914 
5915 
5917 
3001 

3002 
5929 
5931 
5932 
5958 


C  3028 

5974 

5977 

G.C. 12274 

5989 


Br. 


(3  G.C.  12990  Br 
5998  Ft. 
6000. 

C  3054- 
6002. 

C  3059- 
6013. 

6020. 

6023 . 

Lai.  45883 . 

6031. 

C  3074- 

6033. 

B.D.+43°4462. 

6042. 

Lai.  46051 . 

6048. 

6049. 

B.D.  +  73°io42. 

G  3093- 


22''35'"9 
22  39.6 
22  40.6 
22  41. 7 
22  41. 7 

22  42. 7 

22  42. 7 

22  46.4 

22  49-4 

22  49.5 

22  50.0 

22  52.0 

22  52.1 

22  52.6 

22  55.0 

22  55. I 
22  55-5 
22  55-9 

22  56.2 

23  3-2 


23  40 
23  7 
23  8.9 
23  II. 9 
23  12. I 


23  13- 
23   139 
23   14-5 
23   15-0 
23   150 

23  16.8 
23  17.8 
23  18 
23  20 
23   21.0 

23   21.8 
23  21.8 
23  22 
23  22.6 
23   24-4 


23  25. 
23  26, 
23  26. 
23  29. 
23  30. 


&   I  goo 


+  14°  l' 
+38  56 
+  18  50 
+  11  40 
+  23       2 


-  4  45 

-  4  45 
+  13  26 

-  7  44 
-16  48 


-  5  31 
+49  12 

-  5  21 
+  20  14 

23     4 


29 


+68 

—  o  21 
+  56  25 

-  7  36 
+48  45 


+  26  18 

-  9  28 

—  14  22 
+  52  40 

+  4  52 

—  14  o 
+67  34 
+  28  19 
+47  50 

+43  33 
+  20     I 

+31  59 
+31  50 

+  52  26 

+  o  42 

+44  47 
+  o  34 

+43  19 
-55 

+43   25 

-  4  38 
+38  41 
+  73  40 
+30  27 


6.6 
8.3 
6.5 
4-3 
41 

7-1 
7.6 


6.0 

51 

6.4 

6 

7-7 

4 
6.4 
5-5 
6.4 

.8 

8.3 
6.4 
8.3 

8.2 

5-6 

9.0 
7.6 

50 

8.8 

6.4 

7.6 
6.6 
6.5 
5-5 
6.9 

4-9 
7-4 
6.4 
8.0 
6.4 

8. 

6-5 

5-3 

8.0 

6.7 


Sp. 


G4 

G8 
G8 
F5 
G7 

G3 
G4 
K2 
K3 
K3 

G8 
K2 
G6 
G4 
K4 

Ko 
G3 

G2P 

K5 

F6 

K4 
G7 
F5 
A5 

F8 

K2 
K2 
G7 
Ki 
Ki 

Ko 
Gi 
Fo 
B9 
Mb 

A3 
Gi 
G7 
K2 

K5 

Ko 
F8 
G9 
G8 
Gi 


0.302 

016 

0.060 

0.545 
060 

354 

354 

474 

0.041 

0.234 

018 
012 
0.023 
210 
899 

66 
0.038 

009 
0.027 
0.194 


o.  228 

0-557 
1. 301 
o.  270 

0.492 

0.314 
0.066 
0.66 
o.  206 

0.671 
0.320 
0.233 
0.005 


o.  124 

0.46 

0.05 

0.018 
0.283 

0.009 

0.247 

o.  294 

0.013 
0.589 


No, 


-  8.8 

-  3-2 

-23.1 

-  25.4 

-  1.2 
+  9.5 

-  35-8 

-  8.3 

-  7.8 

-  8.2 

-  32.8 
+  I7-I 

-  25.9 

-  16.3 

-  59-2 

-  1.6 

-  1-3 


40.4 
II-3 
32-3 
5-4 
24.8 


+ 


-  13-8 
+     8 

-  20.4 

-  50.4 
+  23. 

+     2. 

-  22.9 
+  9-7 
+  19-7 
+     4.2 

-  4 

-  1.8 

-  12.8 

-  13-8 

-  24 


+ 


10 


8.8 
II. 6 
57 

23-3 
4 


P.E. 


km 
to. 3 
I .  I 

1-4 
I.  2 


2.  2 
0.4 


Other  Determinations 


km 


22.6 

5-3 
3-8 


-  7.8 

-  316 


0.9 
1.6 
1.9 

0.8 

0.9 
I.  2 

2.4 
1. 1 


0.8 


0.9 
0.7 

0.4 
0.9 
0.8 

2.7 
0.9 

0-5 
0.6 
1.9 

1-4 
1.9 

0-3 
0.7 

=  2.5 


-     9.8 


-    17.8 


-  3-7 

-  4-4 


59-3 


Auth. 


V 

L,  B,  C 

L,  B,  C 


V 
L 

L,  B 


THE  RADIAL  VELOCITIES  OF  1013  STARS 
TABLE  I— Continued 


175 


Star 


5  I  goo 


Sp. 


No. 


P.E. 


Other  Determinations 


Auth. 


C    3096 

6077 

6078 

B.D.+74°i033 

B.D.+74°io34 


6097 

3117- 
6109 
3124 
3126 


6124 
6125 
6127 
B,D.+73°io66 
6150 

6151 

c  3143 

Lai.  47019 
C   3146  . 
6158'. 

6158^ 

6172. 

C   3162. 


2311311 

23  34 

23  35 

23  35 

23  36 

23  39 
23  40 

23  43 
22>  44 
23  44 

23  47 
23  47 
23  47 
23  51 
23  52 

23  53 
23  53 
23  54 
23  54 
23  54 

23  54 
23  56 
23  59 


+  I7°53' 
+  55 
+  77  4 
+75  12 
+  75     2 

+55  IS 

+  29  o 

-  6  56 

+  I  52 

+  2  19 

+77  3 
+  21  7 
+  18  34 
+  73  35 
+  24  35 

+49  53 
+46  10 
+  26  43 
-20  35 
+33   10 

+33  10 

+  26     7,7, 

+34     6 


G5 

F4 
Ki 
F2 
G9 

G6 
Ki 
Ki 
Ma 

G8 

F2 
Ma 
Ma 

K2 
Ma 

G4 
Ma 
G9 
G5 
Go 

F9 
G3 
Gi 


0.702 

0.574 
o.  169 
0.007 
0.028 

0.029 

0.91 

0.026 

1-393 
0.499 

o.  278 

0-055 
0.047 
0.020 
0.056 

0.24s 
0.64 


0.608 
o.  106 

0.  106 

1.  291 
0.766 


km 

-  24.7 
+  2.1 

-  40.4 
+  0.1 

-  4.0 

+  8.2 

+  52-0 

-  24.7 
-63.1 

-  26.3 

+  0.3 

-  4.4 

-  7-3 

-  49-5 

-  2.9 

+  2.7 
+  5-0 

-  30-4 
+  21.8 

-  8.3 

-  5-2 

-  32.6 
+  3-8 


km 
*=i-5 
0-5 
0.9 

2.4 


0-3 
1.8 
0.4 

2-5 

2.0 


I.O 

1-3 
3-1 
1-3 
1-3 

2.2 

1-5 
0.6 
1. 1 

1.  2 

2.  2 
2. 1 

=0.8 


km 


+  5-6 
—  41.6 


-  4.6 


-  8.6 

-  5-7 

-  34 


L,  B 

5 


V,0 
L,  Y 


No.  18;  H.D.,  the  Henry  Draper  Catalogue,  and  ^  G.C.,  Burnham's 
General  Catalogue  of  Double  Stars.  The  magnitudes  are  Harvard 
visual  magnitudes  and  the  spectral  types  are  from  the  Mount 
Wilson  determinations.  Successive  columns  in  the  table  then 
give  the  total  proper  motion,  the  number  of  spectrograms,  the  mean 
radial  velocity,  and  the  probable  error  of  the  mean  as  derived  from 
the  formula  referred  to  above.  The  abbreviations  used  to  indicate 
the  results  obtained  at  other  observatories  conform  to  those  adopted 
by  Voute  in  his  First  Catalogue  of  Radial  Velocities  and  are  as 
follows: 

A  Allegheny  m  McMillan 

B  Bonn  O  Ottawa 

C  Cape  P  Potsdam 

D  Detroit  V  Victoria 

L  Lick  Y  Yerkes 
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Many  observers  have  shared  in  the  work  of  securing  spectro- 
grams of  the  long  list  of  stars  in  the  catalogue,  and  we  are  indebted 
to  numerous  members  of  the  Computing  Division  for  assistance  in 
measuring  and  reducing  the  negatives.  We  wish  to  express  our 
appreciation  especially  to  Messrs.  Stromberg,  IVIonk,  and  Hoge,  and 
to  Miss  Burwell,  Miss  Brayton,  and  Miss  Shumway,  of  the  Com- 
puting Division. 

Mount  Wilson  Observatory 
November  1922 


ON  THE  VISUAL  AND  PHOTOGRAPHIC  ALBEDO 
OF  THE  EARTH 

By  K.  R.  RAMANATHAN 

ABSTRACT 

The  visual  and  photographic  albedo  of  tJie  earth. — This  subject,  previously  treated 
by  H.  N.  Russell  and  C.  G.  Abbot,  is  here  discussed  afresh  in  the  light  of  Luckiesh's 
recent  measurements  of  the  vdsual  brightness  of  earth-areas  as  seen  from  an  aeroplane 
and  Raman's  theory  of  the  color  of  the  sea  as  originating  from  the  molecular  scattering 
of  light  in  deep  water.  The  effects  of  molecular  scattering  by  the  atmosphere  and  the 
sea  are  considered  in  detail  with  reference  to  the  spectral  distribution  of  the  scattered 
light.  The  computed  visual  albedo  comes  out  to  be  0.46,  and  the  photographic  0.58, 
in  close  agreement  \nth  the  astronomical  values  0.45  and  0.6  respectively. 

INTRODUCTION 

A  valuable  discussion  of  the  photometric  measures  of  the 
albedo  of  the  earth  was  put  forward  by  H.  N.  Russell,^  who  came  to 
the  conclusion  that  the  visual  albedo  of  the  earth  according  to 
Bond's  definition,  as  deduced  from  Very's  observations  of  earth- 
shine  on  the  moon,  was  0.45  and  the  photographic  albedo  was  0.6. 
Further,  Abbot^  from  radiation  measurements  and  a  consideration 
of  the  physical  characteristics  of  the  earth,  has  computed  the 
total  energy  albedo  to  be  0.37.  The  difference  between  the  visual 
and  photographic  albedoes  is  considerable  and  it  has  been  sug- 
gested that  this  is  due  to  the  fact  that  a  part  of  the  light  diffused 
out  by  the  earth  arises  from  the  molecular  scattering  of  light  in 
the  earth's  atmosphere.  Since  the  publication  of  the  papers  referred 
to,  two  investigations  have  appeared  which  make  it  desirable  to 
consider  the  problem  of  the  earth's  albedo  afresh.  Luckiesh^ 
has  published  observations  made  during  aeroplane  flights  of  the 
visual  albedo  of  different  kinds  of  landscape  and  also  inland  and 
oceanic  waters.  Then  again,  Abbot,  in  his  discussion  of  the  albedo 
of  water-covered  areas,  considered  only  the  reflection  of  light  at  the 
surface  of  the  Uquid.  In  reality,  we  have  also  to  consider  the 
im.portant  part  arising  from  the  diffusion  of  light  entering  the  water. 
A  theory  of  the  color  of  the  sea  as  being  due  to  the  molecular  scatter- 

'  Astrophysical  Jourtial,  43,  173,  1916. 

^Annals  of  the  Smithsonian  Astrophysical  Observatory,  2,  161-163. 

^Astrophysical  Journal,  49,  108,  1919. 
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ing  of  light  in  deep  ocean  water  has  been  put  forward  by  C.  V. 
Raman/  who  has  also  pointed  out  the  importance  of  the  contribu- 
tion which  the  scattered  light  from  the  sea  would  make  to  the  albedo 
of  the  earth.  In  this  paper,  it  is  proposed  to  discuss  the  problem  of 
the  albedo,  taking  into  account  the  spectral  distribution  of  the 
molecular  scattered  hght  from  the  atmosphere  and  the  sea. 

We  may  di\dde  the  Hght  going  out  of  the  earth  into  space  as 
arising  in  the  following  ways: 

1.  Light  molecularly  scattered  from  the  atmosphere  above  the 
region  of  dust; 

2.  Light  scattered  by  the  clouds; 

3.  Light  scattered,  from  the  unclouded  portions  of  the  earth 
in  the  lower  dusty  regions  of  the  atmosphere ; 

4.  Light  diffusely  reflected  from  the  earth's  surface  including 
the  oceans. 

Of  these,  the  light  molecularly  scattered  from  the  atmosphere  and 
the  sea  would  be  richer  in  the  shorter  wave-lengths,  and  hence,  on  the 
aggregate,  the  returning  hght  would  be  bluer  than  the  incident. 

LIGHT   MOLECULARLY   SCATTERED   FROM   THE   ATMOSPHERE 
ABOVE   THE   REGION   OF   DUST 

The  discussions  by  F.  E.  Fowle^  and  L.  V.  King^  of  the  extensive 
measurements  of  atmospheric  transparency  made  by  the  Smith- 
sonian Observatory  have  shown  that  in  the  region  of  wave-lengths 
shorter  than  o. 6g  fj,  the  loss  of  light  on  a  clear  day  above  the  Mount 
Wilson  level  (1730  meters)  could  be  accounted  for  almost  entirely 
by  the  molecular  scattering  of  light  by  the  atmosphere."  The 
selective  absorption  exercised  by  the  oxygen  and  water-vapor 
lies  entirely  in  the  region  of  wave-lengths  longer  than  0.70  /x  and 
hence  outside  the  visual  and  photographic  regions.  We  shall  take 
Mount  Wilson  level  to  be  the  upper  limit  of  the  region  of  dust. 
Abbot  has  given  a  table  of  intensities  of  energy  in  the  normal  solar 
spectrum  outside  the  earth's  atmosphere.  From  these  and  the 
values  of  the  yearly  mean  dry-air  transmission  coefficients  at  Mount 

'  Proceedings  of  tlie  Royal  Society,  A,  loi,  64,  1922.      See  also  Molecular  Diffraction 
of  Light,  published  by  the  Calcutta  University  Press,  1922. 
^  Astrophysical  Journal,  38,  393,  1913. 

3  Philosophical  Transactions  of  the  Royal  Society,  A,  212,  375,  1913. 

4  Except  for  a  possible  small  selective  absorption  between  0.51  n  and  0.65  m- 
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Wilson/  we  can  determine  graphically,  from  the  areas  of  the  energy- 
wave-lengths  curve,  the  percentage  of  light  lost  in  transmission  in 
different  regions  of  the  spectrum.  Between  0.45  ix  and  0.68  n 
which  we  may  take  to  be  the  effective  visual  region,  I  find  the  per- 
centage of  energy  lost  on  normal  transmission  to  be  10,  and,  in  the 
region  between  0.35  /i  and  0.45  (x  which  we  may  take  to  be  the 
effective  photographic  region,  the  percentage  is  24.  We  have  now 
to  consider  the  actual  loss  that  occurs,  taking  into  account  the  facts 
that  at  a  large  portion  of  the  earth's  surface  the  light  is  incident 
obHquely  and  that,  on  the  average,  a  portion  of  the  atmosphere 
above  Mount  Wilson  level  is  always  clouded.  At  the  place  where 
the  sun's  rays  meet  the  earth  at  an  angle  i,  the  transmission  coeffi- 
cient is  a^^'^^  where  a  denotes  the  same  quantity  for  normal  inci- 
dence. The  quantity  of  hght  falling  on  the  surface  of  a  sphere  of 
radius  r  between  the  angles  i  and  i-\-di  is 

2Trr^  I  sin  i  cos  i  di  , 

where  /  is  the  intensity  of  the  incident  Hght.  The  amount  of  light 
transmitted  in  the  same  range  is  this  quantity  multiplied  by  a*^*^ ' , 
and  this,  taken  over  the  whole  sphere  is 


i 


sin  i  cos  i  a^^°  '■  di  .  (i) 


The  integral  does  not  seem  to  be  capable  of  being  easily  evaluated ; 
instead,  it  was  done  by  graphical  integration  and  the  total  loss 
in  the  visual  region  was  found  to  be  17  per  cent  and  in  the  photo- 
graphic region  38  per  cent.  Assuming  that  half  this  amount  would 
be  reflected  back  to  space,  we  get  8.5  per  cent  to  be  the  visual, 
and  19  per  cent  to  be  the  photographic  albedo  of  the  atmosphere 
above  Mount  Wilson,  if  it  were  entirely  unclouded.  Actually, 
however,  according  to  Abbot,""  about  60  per  cent  of  the  earth's 
cloudiness  is  above  Mount  Wilson  level  and  since,  on  the  average, 
52  per  cent  of  the  earth's  surface  is  always  clouded,  31  per  cent  of 
the  skies  above  Mount  Wilson  will  be  always  covered  by  clouds. 
The  distribution  of  clouds  with  height  as  given  in  Humphreys' 
Physics  of  the  Air""  is  as  follows: 

1.  Cirrus  level — height  above  surface  about  10  km 

2.  Cirro-stratus  level — height  above  surface  about  8  km 

^  Fowle,  Smithsonian  Miscellaneous  Collections,  69,  No.  3.  ^  P.  309. 


i8o 


K.  R.  RAMANATHAN 


3.  Alto-cumulus  level — ^height  above  surface  about  4  km 

4.  Cumulus  level — height  above  surface  about  1.5  km 

5.  Fog-level — ^ground 

Of  these,  the  first  two  would  be  comparatively  thin  and  would 
transmit  a  large  portion  of  the  Hght.  We  may  take  the  average 
cloud-height  above  Mount  Wilson  to  be  5I  km,  corresponding  to  a 
level  at  which  the  pressure  is  half  the  sea-level,  pressure.  Thus, 
the  albedo  due  to  the  molecular  scattering  of  the  atmosphere  above 
the  dust-level  would  be  as  is  shown  in  Table  I. 

TABLE  I 


Visual 

Photographic 

From  cloudless  portion 

From  clouded  portion 

0.69X8.5 
0.31X11X8.5 

0.69X19 
0.31X11X19 

Total 

7 . 5  per  cent 

17  per  cent 

We  have  assumed  the  fraction  scattered  from  the  clouded  portion 
to  be  less  than  that  from  the  unclouded,  in  the  ratio  of  the  pressure 
above  the  average  higher  cloud-level  to  the  pressure  at  Mount 
Wilson.  We  have  also  neglected  the  scattering  due  to  the  moisture 
in  the  dustless  region. 

LIGHT  REFLECTED   FROM   THE   CLOUDS 

According  to  Abbot's  energy-measurements  and  Luckiesh's 
photometric  observations,  we  shall  take  the  average  reflecting  power 
of  clouds  to  be  65  per  cent.  Since  the  average  cloudiness  of  the 
earth  is  52  per  cent,  we  get,  for  the  percentage  of  light  reflected 
back  from  the  clouds,  the  values  given  in  Table  II. 

TABLE  II 


Visual 

Photographic 

Percentage 
Incident 

Percentage 
Reflected 

Percentage 
Incident 

Percentage 
Reflected 

From      higher    clouds 
(average  level  5.5  km) 

From      lower     clouds 
(average  level  1.7  km) 

100-^1X8.5 
=  95 

100—8.5 
=  91-5 

0.31X95X0.65 
=  19.1 

0. 21X91. 5X 
0.65  =  12.5 

IOO-|fXl9 
=  88.6 

100—19 

=81 

0.31X88.6X0.65 
=  17.9 

O.21X81X0.65 
=  11.1 

Total 

31-6 

29.0 
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Very  little  need  be  allowed  from  this  for  loss  in  transmission 
upward,  for  the  diminution  is  due  to  scattering,  and  the  scattered 
light  would  either  go  up  or  again  get  reflected  from  the  clouds. 

LIGHT   SCATTERED   FROM   THE   LOWER  ATMOSPHERE 

The  light  reflected  from  the  lower  atmosphere  below  the  Mount 
Wilson  level  can  be  calculated  as  follows.  From  Abbot's  data^ 
for  the  mean  coefficients  of  normal  atmospheric  transmission  at 
Mount  Wilson  and  Washington,  the  percentage  of  energy  lost 
between  the  levels  of  the  two  stations  is  calculated  for  different 
wave-lengths,  and  an  energy  wave-length  curv'e  constructed  with 
these  data.  From  the  area  of  the  curve,  it  is  found  that  in  the  region 
0.45  /i-0.68  n,  14  per  cent  of  the  energy  is  lost,  and  practically  the 
same  percentage  between  0.35  n  and  0.45  yu.  Assuming  20  per  cent 
of  this  to  be  absorbed  and  half  the  remainder  to  be  sent  to  earth 
and  the  other  half  back,  we  get  6  per  cent  to  be  the  ratio  of  the  Ught 
reflected  back  at  normal  incidence.  Taking  into  account  the 
fact  that  at  a  considerable  portion  of  the  earth  the  light  is  incident 
obliquely  and  that  only  48  per  cent  of  the  earth  is  unclouded,  the 
contribution  of  the  lower  atmosphere  comes  out  to  be  nearly  4.5 
per  cent. 

The  above  estimates  agree  very  well  with  the  careful  \dsual 
photometric  measurements  of  Kimball,^  who  found  a  mean  trans- 
mission coefficient  of  0.77  in  clear  weather,  corresponding  to  the 
estimate  here  made  of  a  loss  of  10  per  cent  above  Blount  Wilson 
and  14  per  cent  below  it. 

LIGHT  REFLECTED   FROM   THE   EARTH's   SURFACE 

Since  more  than  three-fourths  of  the  earth's  surface  is  covered 
by  seas,  the  most  important  contribution  of  the  albedo  from  the 
surface  of  the  earth  would  come  from  them.  The  deep  blue  color 
of  the  ocean  waters  has  been  explained  by  C.  V.  Raman^  as  originat- 
ing from  the  molecular  scattering  of  light  within  the  water.  The 
fraction  of  the  incident  energy  scattered  by  unit  volume  of  a  homo- 

'  Astropkysical  Journal,  34,  203,  1911. 

'  Monthly  Weather  Review,  43,  650,  1914;  also  H.  N.  Russell's  article,  loc.  cit, 

^Proceedings  of  tlie  Royal  Society,  A,  loi,  64,  1922. 
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geneous  fluid  like  water  is,  for  the  most  part,  given  by  the  Einstein- 
Smoluchowski  expression 

where  /3  is  the  isothermal  compressibility  of  the  medium,  /x  its 
refractive  index,  N  the  Avogadro  constant  and  X  the  wave-length 
of  the  incident  light.  R  and  T  have  their  usual  meanings  in  kinetic 
theory.  Since  the  amount  of  scattered  light  varies  inversely  as  the 
fourth  power  of  the  wave-length,  we  can  easily  see  why  the  blue 
end  of  the  spectrum  should  predominate  in  the  Hght  returning  from 
the  water.  Two  other  factors  go  to  make  the  scattered  light  even  a 
richer  blue:  one  is  the  greater  absorption  in  water  of  the  red  and 
yellow  regions  of  the  spectrum,  and  the  other  is  an  addition,  to  the 
light  scattered  in  accordance  with  (2),  of  some  unpolarized  light 
which  is  greater  in  the  violet  end  of  the  spectrum.'  In  his  paper, 
Raman  has  given  a  table  of  the  luminosity  of  deep  ocean  water  for 
different  wave-lengths  in  terms  of  the  luminosity  of  a  layer  of  dust- 
free  air  one  kilometer  thick  when  viewed  transversely  to  the  inci- 
dent light.  In  calculating  these  values,  he  made  use  of  the  absorp- 
tion coefficients  of  water  obtained  by  Count  Aufsess.  Recently, 
W.  H.  Martin^  has  obtained  fresh  values  for  the  absorption 
coefficients  with  pure,  dust-free  water,  and  Table  III  gives  Raman's 
revised  values  for  the  luminosity  of  ocean  water  in  terms  of  that  of 
an  atmosphere  of  dust-free  air  which  would  give  an  equal  effect 
by  lateral  scattering. 


TABLE  III 

Luminosity  of  Ocean  Water 

Wave-Length  in  ^ 

0.658 

0.602 

0.590 

0.578 

0.546 

0.499 

0.436 

Equivalent  atmospheres  of  dust- 
free  air 

0.06 

0.09 

0.23 

0.35 

0.65 

0.90 

2.0 

Confining  ourselves  to  the  region  0.45  to  0.68  /x,  the  fraction 
of  incident  Hght  scattered  comes  out  to  be  0.06.     Luckiesh's  direct 

'  C.  V.  Raman,  Molecular  Scattering  of  Light,  p.  55. 
'  Journal  of  Physical  Chemistry,  May,  1922. 
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determination  of  the  "reflecting"  power  of  the  Atlantic,  as  meas- 
ured from  an  aeroplane,  gave  an  average  value  of  3.5  per  cent.  The 
difference  is  no  doubt  to  be  attributed  to  the  fact  that,  in  the 
above  calculation,  the  absorption  coefficient  has  been  assumed  to 
be  equal  to  that  of  dust-free  distilled  water.  Luckiesh  makes  it 
clear  that  90  per  cent  of  the  hght  returning  from  the  sea  as  viewed 
normally,  is  due  to  hght  diffused  within  it.  The  foregoing  estimate 
refers  to  direct  overhead  observation.  In  an  oblique  direction, 
the  molecular  scattering  would  give  rise  to  a  greater  luminosity,  as 
a  more  extensive  surface  layer  of  water  would  come  into  operation, 
and,  indeed  Luckiesh  has  noticed  that  the  brightness  increases  more 
than  twice  when  the  sea-surface  is  viewed  at  an  angle  of  45". 

Besides  the  molecular  scattering,  there  is  also  the  specular 
reflection  to  be  taken  into  account,  which  would  give  rise  to  a 
reflection  factor  of  about  3  per  cent. 

On  the  whole,  we  may  put  8  per  cent  to  be  the  fraction  coming 
back  from  the  ocean  waters.  As  regards  land  areas,  Luckiesh 
has  obtained  the  following  reflection  factors  for  some  typical 
surfaces:  fields,  7.2  per  cent;  barren  lands,  12.0  per  cent;  woods, 
4.3  per  cent.  A  snow-covered  surface  is  known  to  reflect  about 
75  per  cent  of  the  incident  light,  but  almost  the  whole  of  the  snow- 
covered  areas  of  the  earth  are  near  the  poles,  where  only  a  small 
fraction  of  the  sun's  energy  is  received  and  where,  moreover,  a  large 
part  of  the  incident  light  would  have  been  scattered  by  the  atmos- 
phere before  reaching  the  earth.  We  may  take,  without  much  error, 
1 2  per  cent  to  be  the  average  reflecting  power  of  the  land  areas  of 
the  earth.  Thus,  the  percentage  of  light  scattered  from  the  earth's 
surface  in  the  visual  region  would  come  to  be  nearly  o.8o(f  X8^- 
^XI2),  i.e.,  7.2.  Of  this,  allowing  30  per  cent  for  loss  on  trans- 
mission through  the  atmosphere  and  remembering  that  only  48 
per  cent  of  the  earth's  surface  is  unclouded,  we  get  2.5  per  cent  to 
be  the  contribution  of  the  surface  of  the  earth  to  the  visual  albedo. 

As  regards  the  photographic  albedo,  the  scattered  Hght  from  the 
sea  would  contribute  much  more.  An  examination  of  Table  III 
would  show  the  enormous  concentration  of  energy  in  the  violet  end 
of  the  spectrum.  In  the  near  ultra-violet,  the  Hght  scattered  from 
the  sea  is  hkely  to  be  even  stronger,  since  the  absorption  coefiicient 
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of  water  gets  smaller  and  smaller  as  we  go  to  the  region  of  shorter 
wave-lengths.  But  against  this,  it  has  to  be  said  that  the  presence 
of  motes  would  tend  to  increase  the  absorption.  We  have  previ- 
ously estimated  the  photographic  albedo  of  the  sky  above  ]\Iount 
Wilson  to  be  0.19,  and,  from  Table  II,  it  is  evident  that  we  shall 
not  be  far  wrong  if  we  take  the  fraction  of  the  incident  energy  scat- 
tered by  the  sea  to  be  0.30.  With  the  usual  allowance  for  the  loss 
of  energy  of  the  incident  and  reflected  rays  on  transmission  through 
the  atmosphere  and  the  fact  that  a  portion  of  the  earth's  surface  is 
clouded,  we  get  the  photographic  albedo  due  to  the  sea  to  be  nearly 
6  per  cent.  The  land  areas  would  contribute  practically  nothing 
to  the  photographic  albedo  except  the  snowy  regions  near  the 
poles,  whose  effect  may  come  to  about  i  per  cent.  Thus,  the 
aggregate  photographic  albedo  due  to  the  surface  of  the  earth  would 
come  to  nearly  7  per  cent. 

SUMMARY 
TABLE  IV 


Visual 

Photographic 

Light  scattered   from   the  gases  of   the 
atmosphere  above  the  dust  level 

Light  reflected  from  the  clouds 

Light  scattered  from  the  lower  atmos- 
phere           

Per  Cent 

7-5 
31.6 

4-5 

2-5 

Per  Cent 

17 
29.0 

4.5 

Light  reflected  from  the  surface  of  the 
earth  including  the  oceans 

7.0 

Total   

46 

■^7-  "> 

The  visual  and  photographic  albedoes  obtained  above  agree 
very  well  with  the  astronomical  value  0.45  and  0.6.  Considering 
the  uncertainties  in  the  estimation  of  the  earth's  albedo  factors  and 
the  difficulties  of  photometric  measurement  of  the  earth-shine  on 
the  moon,  the  agreement  is  actually  better  than  could  have  been 
anticipated. 

In  conclusion,  I  have  great  pleasure  in  expressing  my  thanks  to 
Professor  C.  V.  Raman  for  his  suggestion  of  the  problem  and  interest 
in  the  progress  of  the  work. 

University  College,  Rangoon 
August  s,  1922 


SERIES  OF  MULTIPLE  LINES  WITH  FOURFOLD 

RYDBERG  CONSTANT  IN  THE  SPECTRUM 

OF  POTASSIUM 

By  KNUD  AAGE  NISSEN 

ABSTRACT 

Series  of  multiple  lines  with  fourfold  Rydberg  constant  in  the  spectrum  of  potassium. — 
Of  the  lines  measured  by  McLennan,  Schillinger,  and  Nelthorpe,  sixty-four  between 
X  1R73  and  X  4608  have  been  arranged  in  one  diffuse  subordinate  series,  {2p)  —  {md), 
and  in  several  sharp  subordinate  series,  {2px)  —  {ms'),  {2p^)  —  {7ns"),{2p,)  —  {ms"'), 
{2p^)  —  (ms'),  and  (2p^)  —  (ms").  When  reduced  to  international  vacuum  wave- 
numbers,  the  observed  values,  and  those  computed  by  Ritz  formulae,  agree  within  one 
unit  on  the  average.  These  results  are  but  the  framework  necessary  to  an  exhaustive 
analysis  of  the  "groimd  spectrum"  of  potassium.  They  support  the  Sommerfeld  sug- 
gestion that  there  is  a  relationship  between  the  spark  spectrum  of  an  alkali  and  the 
arc  spectrum  of  the  inert  gas  with  atomic  niunber  one  less,  and  should  help  in  resolving 
the  spectrum  of  argon  into  series  of  multiple  lines. 

For  the  work  of  resolving  the  spectra  of  argon  and  the  heavier 
monatomic  gases  into  series/  it  would  be  helpful  to  know  as  much 
as  possible  of  the  series  with  fourfold  Rydberg  constant  in  the 
spectra  of  the  alkah  metals.  When  the  admirable  work  of  Professor 
J.  C.  McLennan^  on  the  "ground  spectrum"  of  potassium  appeared, 
it  was  therein  "proposed  to  make  an  analysis  of  the  frequencies  of 
the  wave-lengths  recorded  in  these  tables  and  of  the  additional 
ones  given  by  Schillinger  in  order  to  see  if  ...  .  paralleUsm 
[with  the  spectrum  of  argon]  can  be  established  numerically." 
If,  therefore,  the  series  relations  given  below  form  part  of  the 
results  attained  by  him  the  priority  rests  unreservedly  with  the 
observer  who  recorded  the  supplementary  wave-lengths  necessary 
to  the  series  work  in  question,  that  is,  with  Professor  J.  C.  McLennan. 

In  reducing  the  wave-lengths  X  to  vacuum  wave-numbers  v  of 
the  international  system,  it  has  been  taken  for  granted  that  Mc- 
Lennan's  wave-lengths^  (marked  L)  refer  to  the  Rowland  standards, 
as  is  certainly  the  case  with  those  due  to  Schillinger^  (marked  S). 
The  correction  to  international  units'"  has,  therefore,  been  applied 

'See  the  author's  note:  "Series  of  Multiple  Lines  in  the  Spectrum  of  Argon," 
Physikalische  Zeitschrift,  21,  25-28,  1920. 

'Proceedings  Royal  Society  London,  A,  100,  182,  1921. 
3  Wiener  Berichte,  118  II  A,  266,  1909. 
^See  H.  Kayser,  HaMbiich  der  Spectroskopie,  6,  891,  1912. 
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to  all  the  wave-lengths  used  (with  exception  of  those  due  to  Nel- 
thorpe,''  which  are  marked  N).  In  reducing  to  vacuum  values, 
the  tables  of  the  Bureau  of  Standards^  have  been  used.  The  small 
correction  from  20°  C.  (Rowland)  to  15°  C.  (International)  has  no 
influence  on  wave-lengths  of  less  than  seven  figures.^ 

In  Table  I  is  given  a  "sharp  (or  second)  subordinate  series"  of 
multiple  lines  with  fourfold  Rydberg  constant. 

TABLE  I 


X 

2px 

m  =  i.s 

m  =  2.5 

"t  =  3-S 

76418.8 

77418.40 

78722.1 

79733  36 

1'. 

\ms 

h 

[ms' 
\ 

■  V 

ms' 

h 

[ms  • 

!'• 

\ms 

1,2049.811 

48771.0 
124530.2 

1,2077  .9  X 
48111 .4 
124530.2 

L2122  .0  IV 
47III.8 
124530.2 

1,2182.41 
45808. I 
124530.2 

L2231 .67  n 
44796.85 
124530.21 

54305.17  ni 

23222.22 

52537.0 

54186. 39 X 
23881. I I 
52537-7 

54018 . 26  I 

24880.32 

52538.08 

53818.140 

26184.39 

52537.7 

53676.16  I 

27195.71 

52537.65 

1,2105.451 

47482.03 

28936.8 

1,2062.05  II 
48481.32 

28937.08 

124530.2 
124530.21 
124530.2 
0 

52537-6 
52538.05 
52538. oS 
+0.03 

28937.0 

28937.08 

28937.08 

Obs  — calc 

0 

W.  Ritz's  formula''  has  been  used  for  the  series  {2p^  —  {ms'). 

We  find: 

, ,_     4X109737.2 


i/=  77418. 40— W5  ; 


ms 


{m+s'+a\ms')  Y  ' 
0-'=  —  1 .  809230X  lO"''  . 


/=o. 399985  ; 


The  two  series  (2^2)  —  {ms')  and  (2^3)  —  {ms')  have  been  used  as 
stepping-stones  to  another  series  relation.    They  form  the  three  pairs : 
48111.4  23881. II  47482.03 

999.6  999-21  999-29 

47111.8  24880.32  48481.32 


'  Edgar  H.  Nelthorpe,  Astrophysical  Journal,  41,  16,  1919. 
=  Scientific  Paper  No.  327  (1918)  of  the  Bureau  of  Standards,  Washington. 
3  The  correction  varies  from  —0.0018  A  (for  X  2000)  to  -}-o.ooo4  A  (for  X  10,000). 
4W.  Ritz,  Theorie  der  Serienspektren,  Dissertation  Gottingen,  1903;  Physikalische 
Zeitschrift.,  4,406-408,  1903;  Annalen  der  Physik,  12,  264-310,  1903. 
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and  the  lines  X  52379.6  I  and  X  L2324.33  III  form  a  pair: 


42012.39 

999.10 

43011.49 


belonging  to  the  column  m  =  i.5  of  a  series  system  {2py)  —  {ms") 
given  below  in  Table  II.  The  linking  up  of  the  two  systems  through 
parallel  columns,  m  =  i.$,  is  shown  in  Table  III. 


TABLE  n 


y 

2Py 

m=i.5 

m=2.s 

m  =  3-5 

1^ 

72920.03      <v 

[ms" 

[X 
74007.43     j" 

[ms" 

l^ 
75584-41     i" 

[ms" 

I^ 
7S774-9-     " 

[ms 

fx 

76250.10        V 

[toj" 

[X 
76419-30       " 

[ms" 

[X 
77418.40       " 

[ms" 

fx 

78473-4-  ]" 

[ms" 

fx 

80051.0—   if 

[ms" 

fx 

81188.26        ^z 

ms" 

82272.64      <v 

[ins" 

83973.82     L 

[ms" 

1,2149.42  in 
46510.76 
119430.79 

L2200.89 
45423.36 
119430.79 

L228o.05ni 

43846.38 

119430.79 
£2290.0  (0) 

43655.9- 
119430.79 

L2315.22  IV' 
43180.69 
119430.79 

Z.2324.33III 
43011.49 
119430.79 

52379.6-  I 
42012.39 
119430.79 

£2440.9—  II 
40957.4- 
119430.79 

52538.7-1 
39379.8- 
119430.79 

52614.2  I 
38242.5- 
119430.79 

52690.5-1 
37158.2- 
119430.79 

1,2819.6111 
35456.97 
119430.79 

54608 .49  IV 

21693.86 

51226.17 

54388.30  I 

22782.37 
51225.06 

Ar4i04.2  VII  (FA) 

24358.46 
,      51225.95 

A^4072.3n(FA) 
24S49-3 
51225.6- 

53995-23  IV 

25023.71 

S1226.39 

b 

c 

' 

d 

L2089-8- VI 
47837-50 
28412 .60 

/ 

53816.92  I 

26192.75 

51225.65 

53669.06  I 
27248.33 

51225.1  — 

53468 .45  I 

28824.34 

51226.7 

L3336.7in 
29962  .4  — 
S1225.9 

1,3220.0—  (0) 

31048.2  — 
51224.4- 

L3052  .85  II 

3274S.02 
S1225.80 

h 

j 

k 

/ 

Mean  value  of  ms" 

119430.79 
119430.79 
119430.79 
0 

51225.64 

51225.65 

51226.39 

+0.74 

28412.60 

Calculated,  »w". . 

Observed,  msg  .  . . 

Obs.  — calc 
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Walter  Ritz's  formula  has  been  used  for  the  series  {2p^  —  {ms") 
with  2_/>e  =  76250.10  calculated  from  2^^  =  2^3  =  77418.40  (and  2pj  = 
2^2  =  76419.  —  ).     We  find: 

c  (        ii\  //  4X109737.2  ,, 

.=  76250. 10- (^.5  )  ;        ms  =(^_^^.^^.(^^„)), ;        ^  =0.434900  ; 

cr"= -1.488891X10-7. 
In  connection  with  Table  V  below  a  combination  with  2pe  is  given. 

TABLE  III 


D. 


E. 


Mean  value  of  ms" . 


2Pz 


7523°-53 


76419.30     \v 


77418.40     \v 


5ii«8.3- 


32272.6—  \v 


88080.76     \v 


90372.34 


m  = 

i-S 

52261.8  -I 

Z,2027.8    -I 

44200 

I 19430 

26 
79 

49299.9 
124530.4 

Z2324 

43°  1 1 
I 19430 

33111 

49 
79 

Z2077.9— X 
481 I 1.4 — 
I 2453° -7 

'5'2379 

42012 

I 19430 

6   -I 

39 
79 

Z,2I22.0  — IV 

47 I I I. 8 
124530.2 

52614 

38242 

I 19430 

2   -I 

5 
79 

Z2306.58III 
43342.39 
I 2453° -7 

52690 

37158 

I 19430 

5-1 

2  — 

79 

£2365.8-11 
42257.6 
124530.2 

L3189 

3135° 
I 19430 

0  -V 

03 
79 

L2742.8-II 
36449 . 7  - 
124530.4 

53440 

29058 

I 19430 

50111 

45 
79 

L2926.8-I 

34158.4- 
124530.7- 

I 19430 

79 

12453° -5 

As  will  be  seen,  tables  I,  II,  and  III  have  two  terms  2p  in 
common;  e.g.,  2_/?2  =  2/>/=  2^5  =  76419  and  2^3  =  2^g  =  2/'c  =  77418.40, 
while  tables  II  and  III  in  addition  to  this  have  two  other  terms 
2p  in  common,  namely,  2j>j  =  2^0  =  81 188.3  ^^^  2pk  =  2pE  =  822'j2.6. 
The  term  2^^  =  76250.10  is,  in  the  first  place,  secured  by  the  series 
relation  stated  above,  in  the  second  place  by  the  combination 
given  below  in  connection  with  Table  V.     The  terms,  2/>i,  2^4, 
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2/>s,  2pa,  2pb,  2pc,  2pd,  2ph,  2pi,  2pi,  havc  cach  an  alternative  value 
to  the  one  assumed  here.  To  determine  the  real  values  requires 
additional  evidence.  As  a  natural  point  of  attack  the  terms  2pt 
and  2pd  with  difference  15.7  have  been  chosen.  They  enter  as 
2p0  and  2py  into  a  system  of  sharp  (or  second)  subordinate  series 
in  Table  IV. 

TABLE  IV 


u 

2pn 

m  =  i.5 

m  =  2.5 

»»  =  3-5 

72074 -5 
75759-7 
75774-9- 

[ms 

X 

v 
ms'" 

X 
f 
ms'" 

55005.52 n 

19973-12 

52101.4— 

5422s -76  IV 

23658.62 

52IOI.I 

54223.15  V 

23673-23 

52101.67 

L2309.0  (0) 

43296.98 

28777-5 

a 

L2i43.g\'U 

46630.48 
122390.2 

52144.6  I 
46615.27 
122390.2 

/3 

L2127.2SIV 

46995-57 

28779-33 

122390.2 
122390.2 
122390.2 
0 

52101-4 
52103.19 
52101 .67 
-1.52 

28778.4 

28779-33 

28779.33 

Observed,  msZ', . . 

Obs.  — calc 

In  using  W.  Ritz's  formula  for  the  series  {2py)  —  {ms"')  we  find: 

4X109737.2 


»'=75774-9-w^ 


ms    =■ 


{m-\-s'"+<T"'(ms"')  y  ' 
<j"'=  —  1 .  240454X  io~^ . 


: o . 408980  ; 


The    terms    2^1  =  2^^  =  75759.7    and     2/><f  =  2^.^  =  75774.9    are 
accordingly  to  be  accepted  as  tested  values. 

A  system  of  diffuse  (or  first)  subordinate  series  has  been  found, 
and  its  principal  features  are  indicated  in  Table  V, 

As  before,  W.  Ritz's  formula  was  used.     For  the  series  2pu—tnd 
we  find: 

4X109737.2 


V =6242g. 08— md  ;        md= 


im-\-d+8imd)  y  ' 
5=— 4.637279X10-^ 


(/  =  o.ooi6i4  ; 


For  argon,  the  author^  has  shown  that  there  is  a  system  of  dif- 
fuse (or  first)  subordinate  series  with  5= —1.360133X10"'^. 
The  series  system  in  Table  V  is  supported  by  the  combination 

'  Loc.  cit. 
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2/?e— 4^  =  76250.10  — 29377.34  =  46872.76.     The  line  XZ,2i32.8—  III 

has  J'vac.  int.  =46873.10. 

The  series  relations  shown  in  tables  I-V  above  are  but  the 
framework  necessary  to  an  exhaustive  analysis  of   the   "ground 


TABLE  V 


V 

2pr, 

m  =  3 

m  =  4 

m  =  s 

ra  =  6 

w  =  7 

51635.07  \P 

[md 

fx 

62429.08  V 

[md 

[X 
64663.33     " 

[md 

[^ 
67021 .00  •^i' 

[pid 

[X 
70998.0s  ■ v 

[md 

L2QS5.gIl 

33482.33 
18152.74 

52257.9 

44276.59 

1S152.49 

L2149.42  III 

46510.76 

18152.77 

L2045-7- 
48868.69 
18152.31 

1,1891.7 

52846.30 

18151-75 

1,2549-6  IV 

39211-53 

12423-54 

1,1999.2  II 

50005.25 

12423.83 

L 2348. 3  IV 

I 

42572.40 

L3024.8III 

33051-74 

29377-34 

.52833.251 

35286.19 

29377-34 

L26SS.8I 
37643.66 
29377-34 

1,2402.0—  ni 

41620.71 

29377-34 

2,1873.3—11 

n 

53365 .31 

9063 .87 

in . . . 

rv 

V       .. 

29377-34 

29378.43 

29377-34 

-1.09 

18152.41 

18152.50 

18152.49 

—0.01 

12423.68 

12423.84 

12423.83 

—0.01 

9063.27 

58977-99 

? 
? 

9062.47 

9063.87 

+  1.40 

spectrum"  of  potassium.  As  they  stand,  they  support  the  view 
that  there  is  a  relationship  between  this  "ground  spectrum"  and 
the  spectra  of  the  inert  gases  with  their  characteristic  "series  of 
multiple  lines." 


Copenhagen 
1922 
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ABSORPTION  OF  POTASSIUM  VAPOR  AT  HIGH  TEMPER- 
ATURES, AND  ITS  BEARING  ON  THE  SELECTION 
PRINCIPLE  OF  QUANTUM  THEORY 

ABSTRACT 

In  the  course  of  an  investigation  on  the  optical  properties  of  non-luminous  potas- 
sium vapor,  it  was  found  that  at  high  temperatures,  about  950°  C,  potassium  vapor 
absorbs  X\464i,  4642,  the  first  members  of  the  combination  series  (rs-3d). 

In  the  course  of  their  investigations  on  the  optical  properties  of 
non-luminous  potassium  vapor,  the  authors  found  that  at  about 
950°  C,  the  absorption  spectrum  of  potassium  vapor  consists  of  a 
line  dark  line  at  about  4640  A,  which  phenomenon  was  embodied 
in  a  short  note  sent  to  the  Philosophical  Magazine,  May  3,  1922, 
and  which  will  be  shortly  published. 

Subsequent  experiments  conducted  by  the  authors  in  this  labora- 
tory confirmed  that  this  line  was  4641,  and  4642,  the  first  members 
of  the  combination  series  (is-3d).  This  point,  along  with  the 
others  observed  at  higher  temperatures,  was  mentioned  in  a  note  on 
the  absorption  of  potassium  vapor  in  the  associated  series  submitted 
to  Nature  on  July  20. 

From  all  these  experiments  it  is  beyond  doubt  that  4641  and 
4642  are  absorbed  at  higher  temperatures  (Fig.  i). 


5770  4641 -AU 

Fig.  I 

According  to  the  Bohr-Sommerfield  theory  of  spectral  emis- 
sion, the  spectral  lines  are  emitted  as  the  electron  changes  its 
habitat  from  one  orbit  to  another  of  less  energy,  the  rotational 
quantum  number  corresponding  to  the  initial  and  final  orbits 
changing  only  by  i,  o,  or  —  i,  according  to  Rubinowicz.  In 
the  case  of  the  combination  series  (is-3d),  the  quantum  number 
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changes  by  two  units.  Thus  the  presence  of  this  hne  in  the  forego- 
ing spectrum  of  non-luminous  potassium  vapor  strongly  supports  the 
views  advanced  by  Messrs.  Foote,  Mohler,  and  Meggers  in  a 
short  note  on  the  significant  exception  to  the  principle  of  selection, 
Philosopkical  Magazine,  April,  1922. 

This  absorption  experiment,  together  with  the  experiments  of 
the  foregoing  authors,  seems  to  prove  conclusively  that  the  method^ 
whereby  the  rotational  quantum  numbers  have  been  assigned,  re- 
quires reconsideration. 

A.  L.  Narayan  and  D.  Gunnayya 

Maharajah's  College,  Vizianagram 

Department  of  Physics 

August  28,  1922 

Note. — While  preparing  this  short  note,  Nature,  July  8,  which  just  reached 
us,  contained  a  note  by  S.  Datta,  recording  the  same  phenomenon.  But  these 
experiments  and  the  experiments  contained  in  the  original  note  to  the  Phil. 
Mag.,  May  3,  were  conducted  in  this  laboratory  before  Datta's  note  appeared 
in  Nature.     We  have  thought  it  desirable  to  send  it  off  for  publication. 
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Vol.  55,  June,  1922,  "An  Estimate  of  the  Distance  of  the  Andromeda 
Nebula,"  by  E.  Oepik: 

Page  406,  Abstract,  line  q,  for  the  mass  within  150"  of  the  center 
read  the  total  mass  of  the  nebula. 
Page  409,  footnote  3,  for  133  read  130. 
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THE  DURATION  OF  THE  PROCESS  OF  LIGHT 
EMISSION  IN  HYDROGEN 

By  a.  J.  DEMPSTER 

ABSTRACT 

Duration  of  light  emission  from  hydrogen  canal  rays. — Observations:  Canal  rays  were 
allowed  to  pass  through  a  small  hole  in  the  cathode  into  a  second  chamber  at  a  very 
much  lower  pressure.  With  certain  discharge  conditions  the  rays  ceased  to  be  luminous 
in  1 5  to  4  cm;  with  others  a  strong  continuous  bundle  masked  the  dying  out  phe- 
nomenon. By  measuring  the  dependence  of  the  intensity  of  the  bundle  on  the  pressure 
of  the  gas  in  the  high  vacuum  chamber  and  simultaneously  observing  the  Doppler 
effect,  it  is  found  that  the  continuous  bundle  is  not  due  to  residual  luminosity,  but  to  a 
second  type  of  long-lived  sources  carried  in  from  the  discharge  tube,  whose  radiation 
process  lasts  longer  than  5X10— '  seconds.  A  strong  electric  field  is  found  to  have  no 
effect  either  on  the  long-lived  or  short-lived  rays.  The  dependence  of  intensity  upon 
pressure  shows  that  no  rays  are  present  that  die  out  completely  in  a  time  much  shorter 
than  10—'  seconds.  Interpretation. — The  explanation  is  proposed  of  the  short-lived 
particles  being  neutral  hydrogen  atoms,  and  the  continuous  bundle  being  due  to  the 
dissociation  of  neutral  molecules.  Theories  of  light  emission. — The  classical  radiation 
theory  and  Bohr's  theory  are  discussed  in  connection  with  the  above  observations, 
and  the  obser\^ations  of  the  Stark-effect  in  a  variable  electric  field. 

It  has  been  observed  by  W.  Wien^  and  by  the  author-  that  when 
a  rapidly  moving  beam  of  hydrogen  canal  rays  is  allowed  to  pass  into 
a  high  vacuum,  the  rays  do  not  cease  to  give  light  at  once  but  give 
a  luminous  bundle  that  dies  out  gradually  in  2  to  4  cm.  The  natural 
interpretation  of  the  phenomenon  is  that  we  observe  the  gradual 
decrease  of  the  radiation  from  the  moving  sources  in  the  rays  and 

^  Annalen  der  Physik,  60,  597,  1919;   ibid.,  66,  230,  1921. 

^Physical  Review,  15,  138,  1920:  Abstract  of  paper  read  at  meeting  of  the 
Physical  Society,  November,  19 19. 
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that  after  a  certain  time  they  are  all  extinguished.  Professor 
Wien  has  measured  the  rate  of  decrease  and  finds  it  in  approximate 
agreement  with  the  value  predicted  by  the  classical  electron  'theory 
for  a  single  radiating  atom.  Experiments  have  also  been  made 
by  W.  Wien/  G.  S.  Fulcher,^  J.  Koenigsberg,  and  J.  Kutschewski,^ 
H.  V.  Dechend  and  W.  Hammer''  on  the  variation  of  the  intensity 
of  a  canal  ray  bundle  with  gas  pressure.  With  certain  discharge 
conditions  the  intensity  may  be  made  very  low  by  reducing  the 
pressure  of  the  gas  through  which  the  rays  move. 

The  experiments  reported  in  this  paper  extend  the  earlier 
observations  and  show  that  none  of  the  rays  die  out  at  a  rate  faster 
than  that  observed  by  Wien  and  the  author,  and  further  that  under 
certain  discharge  conditions  a  luminous  bundle  is  formed  that  dies 
out  at  a  much  slower  rate  than  that  previously  observed. 


Ar 


APPAEATUS 

The  cathode  and  essential  features  of  the  discharge  tube  used  in 
the  first  experiments  are  shown  in  Figure  i.     The  cathode,  which 
had  an  aluminum  face  fastened  to  an  iron  back, 
rested  on  the  ground  end  of  a  short  glass  tube 
Pu/v/^  sealed  as  shown,  so  that  the  only  communication 

between  the  upper  and  lower  chambers  was  a 
small  hole  in  the  center  of  the  cathode  0.25  mm  in 
diameter  and  0.25  mm  long.  The  upper  chamber 
was  connected  to  a  mercury  vapor  pump  and 
hydrogen  was  allowed  to  stream  into  the  dis- 
charge tube.  In  this  way  the  pressure  in  the 
lower  chamber  could  be  kept  high  enough  for  a 
discharge  to  pass  while  that  in  the  upper  was  very 
much  less.  The  canal  rays  were  found  to  be 
luminous  on  first  entering  the  upper  chamber 
and  to  die  out  in  a  distance  of  4  to  5  cm.  Under  the  best  con- 
ditions the  upper  part  of  the  high  vacuum  tube  was  perfectly 
black  and  free  from  any  general  luminosity.     Under  certain  con- 

'  Annalen  der  Physik,  30,  349,  1909.  =  Astrophysical  Journal,  33.  3^.  igii. 

i  Sitzungsberichte  der  Heidelberger  Akademie,  i,  4,  7,  1910. 
<  Ibid.,  I,  21,  9,  1910. 
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ditions  in  addition  to  the  decreasing  luminosity,  a  bundle  of 
uniform  intensity  could  be  observed  continuing  on  to  the  end  of 
the  tube  50  cm  beyond.  This  was  at  first  attributed  to  the  presence 
of  sufficient  gas  in  the  upper  chamber  to  re-excite  a  few  of  the  canal 
rays  and  to  be  excited  by  them.  Observation  through  colored 
screens  and  later  with  a  direct  vision  prism  showed  that  most  of 
the  visible  light  came  from  H/3;  Ha  and  H7  could  also  be  detected 
and  appeared  to  die  out  at  the  same  rate  as  H/3. 

Measurements  of  a  photograph  of  the  luminous  bundle  made 
with  an  ordinary  camera  and  measured  with  a  Hartmann  micro- 
photometer  are  given  in  Figure  2.  The 
beam  was  thrown  slightly  out  of  focus  so 
as  to  avoid  any  apparent  decrease  of  inten- 
sity due  to  the  slight  divergence  of  the 
bundle.  In  the  upper  curve  the  scale  read- 
ings of  the  instrument  are  given  corre- 
sponding to  different  distances  from  the 
hole.    The  lower  curve  gives  the  background 


1  2.  3  ^         .5  6  7  89 

Distance  from  Hole  in  cm 
Fig.  2 

reading,  measured  to  one  side  of  the  bundle.  It  is  seen  that  after 
4  cm  the  intensity  has  fallen  practically  to  a  final  steady  value. 
Thus  we  may  conclude  that  the  fastest  particles  have  died  out  in 
this  distance.  The  speed  of  the  rays  may  be  obtained  from  Doppler 
effect  measurements  just  before  the  cathode  as  approximately 
4X10^  cm  per  second,  giving  4-^4X10^  =  10"^  seconds  as  an  upper 
limit  for  the  time  in  which  this  radiation  process  is  completed. 

In  the  abstract  pubhshed  in  the  Physical  Review,  15,  138,  1920, 
the  velocity  of  the  rays  was  taken  as  8X10''  cm  per  second  from 
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observations  of  Wilsar  and  Stark  and  W.  Steubing'  on  the  Doppler 
effect  in  a  beam  behind  the  cathode.  The  Doppler  effect  just 
before  the  cathode  is  considerably  smaller  than  behind,  and  from 
the  fact  that  the  rays  enter  the  high  vacuum  almost  immediately, 
it  seems  that  the  Doppler  effect  just  before  the  cathode,  viz., 
4  X 10^  cm  per  second,  should  be  used. 

INTENSITY   CHANGES   WITH  PRESSURE 

Further  experiments  were  carried  out  to  find  the  origin  of  the 
continuous  bundle  and  to  see  if  any  rays  were  present  with  extremely 
short  life.  This  was  done  by  observing  the  changes  produced  in 
the  intensity  of  the  bundle  by  alterations  of  the  pressure  in  the  high 
vacuum  chamber.  It  is  known  from  the  experiments  of  Fulcher^ 
and  Wilsar'5  that  the  sources  of  the  undisplaced  line  in  the  Doppler 
effect  are  the  gas  molecules  through  which  the  flying  particles  move, 
while  the  sources  of  the  displaced  line  are  the  flying  particles  that 
have  come  from  the  discharge  tube,  and  are  kept  excited  by  the 
gas  through  which  they  move.  The  effect  of  reducing  the  pressure 
in  the  high  vacuum  chamber  to  zero  is  thus  to  suppress  the  undis- 
placed light  from  the  gas,  and  to  leave  the  flying  particles  free  to 
die  out.  The  luminosity  from  the  moving  sources  is  carried  on  into 
the  high  vacuum  chamber  and  the  initial  intensity  of  the  bundle 
should  be  reduced  only  in  the  ratio  of  the  intensity  of  the  displaced 
component  in  the  Doppler  ejffect  to  the  total  intensity  in  both  the  undis- 
placed and  displaced  lines.  If  the  canal  ray  bundle  contained  many 
particles  that  die  out  in  less  than  a  millimeter,  the  intensity  i  mm 
above  the  hole  should  be  reduced  by  lowering  the  pressure  in  the 
upper  chamber  to  a  much  lower  value  than  that  given  by  the  above 
ratio.  If  the  continuous  bundle  several  centimeters  above  the 
hole  is  reduced  to  a  very  low  value  by  reducing  the  pressure,  it 
may  be  ascribed  to  residual  luminosity,  but  if  it  is  reduced  only  in 
the  ratio  given  above,  then  it  must  be  due  to  long-lived  luminous 
sources  from  the  discharge  tube. 

'  Annalen  der  Physik,  28,  994,  1909. 

2  Astrophysical  Journal,  35,  loi,  1912.        3  Annalen  der  Physik,  39,  1295,  1912. 
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EXPERIMENTAL  ARRANGEMENT 

The  first  experiments  on  the  alteration  of  the  intensity  in  the 
upper  chamber  with  pressure  gave  very  uncertain  results,  probably 
due  to  the  fact  that  the  intensity  of  the  Doppler  effect,  or  proportion 
of  moving  sources  in  the  rays,  varies  greatly  with  the  purity  of  the 
gas  and  also  with  the  discharge  potentials. 

The  cathode  in  Figure  3  was  therefore  designed  in  order  to 
observe  the  Doppler  effect  at  the  same  time  as  the  changes  in 
intensity  were  measured.  The 
iron  cylinder  was  4.4  cm  long, 
had  an  aluminum  face  with  a 
hole  i^  X6  mm,  and  rested  on  the 
poHshed  end  of  a  short  glass  tube. 
A  window  W  was  ground  into 
one  side  and  the  Doppler  effect 
in  the  rays  could  be  observed 
through  it  and  the  prism  P.  A 
spectroscope  with  two  large 
Rutherford  prisms  was  used  and 
the  displacement  at  H/3  could  be 
easily  followed.  Wilsar  has 
shown  that  the  Doppler  effect 
does  not  alter  to  any  extent  with 
distance  behind  the  cathode,  so 
that  the  displacements  observed 
may  be  taken  as  indicating  the 
velocity  of  the  rays  after  they  have  passed  into  the  upper  chamber. 
The  small  hole  in  the  plate  at  the  top  was  \  mm  in  diameter  and 
2  mm  in  length.  Other  openings  were  tried,  a  slit  iii  a  thin  plate  and 
a  hole  in  a  disk,  but  these  gave  qualitatively  the  same  results  as  the 
hole  in  the  thick  plate  and  did  not  allow  of  such  great  pressure 
alterations.  Two  millimeters  above  the  hole  a  short  condenser 
was  arranged  to  see  if  the  luminous  rays  were  charged  or  uncharged 
and  to  observe  whether  there  was  any  effect  of  an  electric  field  in 
altering  the  rate  of  dying  out.  The  pressures  were  measured  on 
a  McLeod  gauge,  and  it  was  found  that  a  ratio  of  more  than  100  to  i 
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could  be  maintained  on  the  two  sides  of  the  cathode.  The  bright- 
ness of  the  bundle  at  various  points  was  measured  by  matching  its 
intensity  with  that  of  the  real  image  of  a  small  part  of  a  piece  of 
milk  glass  that  was  formed  inside  the  tube  directly  beside  the  bundle. 
The  image  and  bundle  were  viewed  through  a  lens  and  the  color 
was  made  as  close  as  possible  by  colored  screens.  The  intensity 
of  the  image  was  altered  by  varying  the  current  through  a  lamp 
that  illuminated  the  milk  glass,  and  the  current  readings  were 
later  reduced  to  intensities  by  means  of  photometer  compari- 
sons. 

The  discharge  tube  was  run  sometimes  from  an  induction  coil 
with  a  mercury  interrupter,  but  usually  from  a  high  voltage  alter- 
nating current,  rectified  by  a  kenotron  as  used  in  X-ray  equip- 
ments. In  this  way  currents  up  to  10  milliamperes  could  be  sent 
through  the  tube  at  most  pressures. 

DEPENDENCE    OF   DYING   OUT   ON   DISCHARGE   CONDITIONS 

With  the  cathode  in  Figure  3  it  was  found  that  the  dying  out 
was  prominent  only  with  high  pressures  and  low  voltages  in  the 
discharge  tube,  even  when  the  pressure  in  the  upper  chamber  was 
less  than  i  per  cent  of  that  in  the  lower.  The  dying  out  was 
observed  with  pressures  in  the  discharge  tube  between  0.44  mm 
and  0.16  mm,  voltages  2500-3500;  currents  up  to  9  milliamperes. 
With  the  low  pressures  larger  currents  were  necessary  in  order 
to  make  the  dying  out  effect  distinct,  as  otherwise,  with  small 
currents,  a  continuous  bundle  was  superimposed.  Using  large 
currents  of  5-10  milliamperes,  the  Doppler  effect  appeared  suddenly 
as  the  pressure  was  reduced,  accompanying  an  alteration  in  the 
discharge  conditions  before  the  cathode,  and  the  sudden  appear- 
ance of  the  short  bundle  in  the  upper  chamber,  which  was  previously 
completely  black,  was  simultaneous  with  this  alteration.  The 
bundle  seemed  to  lengthen  from  i^  to  about  4  cm  as  the  Doppler 
displacement  increased,  with  reducing  pressure.  WTien  the  pres- 
sure in  the  discharge  tube  was  reduced  to  about  0.13  mm,  depending 
on  the  currents  used,  a  faint  continuation  of  the  bundle  was  observed; 
and  at  a  slightly  lower  pressure  of  0.12  mm,  with  a  voltage  of  5000 
and  a  current  of  9.5  milliamperes,  the  continuation  became  so 
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intense  that  the  dying  out  in  the  first  few  centimeters  was  ahnost 
completely  masked  by  the  stronger  uniform  bundle. 

As  the  pressure  was  reduced  still  further,  for  instance  to  0.072  mm 
(voltage  15,000,  current  2  milliamperes) ,  the  continuous  bundle 
remained  very  strong  in  comparison  with  the  faint  bundle  previously 
observed  and  no  decrease  in  intensity  in  the  first  few  centimeters 
could  be  observed.  The  Doppler  effect  at  this  pressure  was,  how- 
ever, still  very  distinct,  the  displaced  line  being  approximately 
equal  in  total  intensity  to  the  rest  line. 

THE   EXISTENCE   OF    LONG-LIVED   RADIATING    SOURCES 

The  continuous  bundle  was  at  first  attributed  to  the  residual 
gas  in  the  upper  chamber  which  would  be  excited  by  the  beam 
of  rays  passing  through  it.  The  decrease  in  the  distinctness  of 
the  dying  out  phenomenon  could  be  associated  on  this  hypothesis 
with  the  fact  that  at  high  voltages  the  displaced  intensity  in  the 
Doppler  effect  may  become  very  small  compared  with  the  intensity 
in  the  rest  line^  (Fig.  4)  so  that  we  might  expect  very  few  luminous 
particles  to  enter  the  upper  chamber. 

The  simultaneous  observation  of  the  Doppler  effect  made  this 
h5^othesis  untenable  and  showed  that  the  strong  continuous  bundle 
appears  before  the  Doppler  effect  has  become  faint.  This  sug- 
gested that  the  luminosity  might  be  due  to  moving  sources  from  the 
discharge  tube  that  have  a  very  much  slower  rate  of  dying  out  than 
those  appearing  at  higher  pressures.. 

In  the  earlier  experiments  with  the  short  cathode  the  continuous 
bundle  was  not  so  prominent  even  at  low  pressures  as  in  the  cathode 
in  Figure  3.  This  is  possibly  connected  with  the  fact  that  with 
the  short  cathode  in  Figure  i  the  rays  make  very  few  collisions 
before  entering  the  upper  chamber,  and  suggests  that  the  long-lived 
radiators  may  be  formed  as  a  result  of  collisions.  The  great 
increase  in  the  Doppler  effect  just  behind  the  cathode  over  that 
just  in  front^  shows  that  a  few  collisions  of  the  moving  particles 

"  F.  Paschen,  Annalen  der  Physik,  23,  260,  1907;  B.  Strasser,  ibid.,  31,  916,  1910. 

^  B.  Strasser  and  M.  Wien,  Physikalische  Zeitschrift,  7,  746,  1906;  W.  Wilsar, 
Annalen  der  Physik,  39,  1291  and  1295,  1912;  F.  Paschen,  Physikalische  Zeitschrift,  7, 
924,  1906;   J.  Stark,  ibid.,  7,  747,  1906. 
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cause  a  great  increase  in  their  luminosity.  That  the  continuous 
bundle  was  largely  due  to  moving  sources  from  the  discharge  tube 
was  proved  to  be  the  case  by  measuring  the  dependence  of  the 
intensity  on  the  pressure  in  the  second  chamber  while  the  conditions 
in  the  discharge  tube  were  kept  unaltered.  If  the  continuous 
bundle  is  an  excited  luminosity  in  the  residual  gas,  its  intensity 
should  be  much  reduced  if  the  gas  pressure  in  the  second  chamber 
is  reduced  to  a  low  value,  while  if  its  intensity  is  not  reduced  appreci- 
ably the  luminosity  must  be  carried  in  by  sources  from  the  discharge 
tube. 

Observations  of  the  intensity  of  the  bundle  in  the  upper  chamber 
about  3  cm  above  the  hole  are  given  in  Table  I.     The  first  colimin 
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.00075 

21 . 1 

2. 1 

10,500 

5-5 

4.0 

C 

Absent 

.0725 

•0145 

.00067 

21.6 

3-25 

15,200 

1.7 

4.2 

D 

Absent 

■057 

.0123 

.0005 

24.4 

3-4 

20,000 

D 

Absent 

.0747 

.0206 

. 0006  7 

30.8 

2-3 

11,500 

6.2 

3-7 

C 

Absent 

.16 

.021 

.00126 

16.7 

1-43 

3250 

8.5 

B 

Plain 

gives  the  pressure  in  the  discharge  tube  in  millimeters  of  mercury, 
the  second  and  third  the  two  pressures  in  the  upper  tube  at  which 
the  intensity  of  the  bundle  was  measured.  The  pressure  change 
could  be  made  by  removing  the  heater  from  the  mercury  vapor 
pump  till  the  pressure  in  the  upper  chamber  had  increased  to  the 
value  given  by  pi,  when  a  general  luminosity  began  to  appear  in 
the  gas  around  the  bundle.  The  heater  was  then  replaced  and  the 
intensity  observed.  It  was  found  that  the  pump  began  to  act 
again  suddenly,  and  reduced  the  pressure  in  the  upper  chamber  from 
pi  to  p2  in  a  few  seconds  without  altering  the  pressure  in  the  dis- 
charge tube.     The  fifth  column  gives  the  intensity  change  produced 
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by  the  pressure  change  in  the  fourth.  The  eighth  column  gives 
the  distance  in  centimeters  from  the  cathode  to  the  end  of  the 
Crookes'  dark  space.  The  letters  under  Doppler  effect  refer  to 
the  sketches  in  Figure  4,  which  indicate  the  way  in  which  the 
appearance  of  H/3  alters  with  increasing  potentials  on  the  tube. 


The  first  experiment  in  the  table  refers  to  a  condition  in  which 
the  continuous  bundle  is  practically  absent,  only  the  faint  decreas- 
ing bundle  appearing.  With  p2  the  intensity  3  mm  above  the  hole 
has  died  down  to  a  very  small  value,  with  p^  there  is  a  continuation 
of  the  luminosity.  These  conditions  are  similar  to  those  in 
Fulcher's^  experiments  in  which  the  intensity  of  the  beam  at  a 
considerable  distance  in  the  high  vacuum  chamber  was  found  to  be 
proportional  to  the  pressure.  In  the  second  experiment,  the 
dying  out  is  almost  masked  by  the  continuous  bundle ;  in  the  third, 
fourth,  and  fifth,  there  is  no  indication  of  an  initial  dying  out  and 
the  continuous  bundle  is  very  strong  compared  with  that  in  the 
second.  The  shght  alteration  in  intensity  caused  by  a  pressure 
change  of  more  than  20  times  proves,  as  discussed  above,  that  the 
luminosity  cannot  be  excited  in  the  residual  gas  but  must  be  carried 
in  by  luminous  sources.  In  the  sixth  experiment  the  Doppler 
effect  has  become  relatively  weaker,  and  there  is  in  consequence  a 
greater  intensity  change. 

Since  no  change  in  the  continuous  bundle  could  be  observed  in 
30  cm,  we  must  conclude  that  under  certain  conditions  particles  of 
a  second  type  are  present  in  the  canal  rays  with  a  luminous  life 
greater  than  30/6X10''  =  5X10"^  seconds. 

The  last  two  rows  in  the  table  refer  to  measurements  of  the 
intensity  of  the  bundle  one  millimeter  above  the  hole.  Here 
there  is  also  a  small  intensity  decrease  produced  by  a  large  pressure 

*  Aslrophysical  Journal,  33,  32,  191 1. 
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decrease,  and  we  must  therefore  conclude  that  no  considerable 
proportion  of  the  rays  die  out  in  less  than  one  millimeter.^ 

NATURE    OF   THE   PARTICLES   WITH   LONG   AND    SHORT 
RADIATION   TIMES 

In  order  to  test  whether  the  luminous  sources  were  charged  or 
uncharged  a  condenser  was  arranged,  as  shown  in  Figure  3,  two 
millimeters  above  the  hole.  No  effect  of  an  electric  field  could  be 
observed  with  either  the  strong  continuous  bundle  or  the  bundle 
that  disappeared  after  4  cm,  even  when  one  plate  of  the  condenser 
was  connected  to  the  anode.  We  must  conclude  then  that  in 
hydrogen  both  kinds  of  sources  are  in  the  neutral  state.  In  a 
recent  paper  W.  Wien^  has  also  concluded  that  the  luminosity  in 
the  disappearing  bundle  comes  from  neutral  particles.  We  may 
also  conclude  that  a  strong  electric  field,  such  as  used  by  Stark^ 
in  observuig  the  electrical  separation  of  spectrum  lines,  does  not 
cause  the  extinction  of  luminosity  previously  excited  in  the  sources. 
The  observation  of  the  Stark  eft'ect  in  the  condenser  is  planned  as  a 
further  investigation.  On  Bohr's  theory  the  initial  disturbed  orbit 
would  be  produced  in  the  lower  chamber  and  correspond  to  zero 
field,  while  the  final  orbit  is  reached  in  a  strong  field.  The  observa- 
tions may  be  expected  to  throw  light  on  the  various  theories  of  the 
atomic  processes  discussed  below. 

No  definite  conclusion  can  be  drawn  from  these  experiments 
alone  as  to  the  nature  of  the  two  kinds  of  radiating  particles.  We 
might  think  of  neutral  atoms  and  neutral  molecules,  for  both  occur 
in  the  canal  rays,'*  but  since  the  radiation  is  always  almost  entirely 

'  In  a  recent  article  in  the  Annalen  der  Physlk  for  January,  1923,  Professor 
Wien  develops  a  very  complete  theory  of  the  dying-out  phenomenon  in  connection  with 
the  changes  of  the  charge  on  the  flying  sources.  His  experiments  show  that  there  is 
very  little  further  change  in  the  d3-ing-out  phenomenon  when  the  pressure  in  the 
high-vacuum  chamber  is  reduced  below  0.005  mni-  The  pressures  p2  in  Table  I  are 
below  the  values  at  which  there  can  be  any  effect  from  the  residual  gas  as  calculated 
by  Professor  Wien  from  the  various  free  paths  occurring  in  the  rays.  In  his  notation 
we  may  say  that  the  experiments  in  this  paper  show  that  there  are  two  distinct  values 
of  the  constant  /,  which  indicates  the  distance  covered  by  the  rays  before  the  radiation 
is  emitted.  In  Professor  Wien's  observations  of  the  dying-out  phenomenon  the  poten- 
tials on  the  discharge  tube  are  given  as  less  than  5,000  volts,  so  that  under  his  discharge 
conditions  the  long-lived  sources  were  probably  unimportant. 

^  Annalen  der  Physik,  69,  325,  1922.  3  Ibid.,  43,  968,  1914. 

■»  J.  J.  Thomson,  Rays  of  Positive  Electricity,  p.  67. 
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the  hydrogen  series  lines  we  should  endeavor  to  ascribe  the  light 
in  both  cases  to  atoms.  We  may  provisionally  adopt  the  explana- 
tion that  the  comparatively  faint  short  bundle  observed  at  high 
pressures  and  low  voltages  is  due  to  atoms  formed  in  the  discharge 
tube  that  have  become  neutralized  before  entering  the  upper 
chamber  and  emit  light  in  the  neutral  state.  The  time  for  the 
duration  of  the  radiation  previously  observ^ed  by  Wien  and  the 
author  then  applies  to  these  neutral  atoms.  The  sources  that  give 
rise  to  the  strong  continuous  bundle  may  be  supposed  to  be  atoms 
formed  by  the  relatively  slow  dissociation  of  neutral  molecules 
that  have  come  from  the  discharge  tube.  Experiments  by  G.  P. 
Thomson^  show  that  charged  hydrogen  atoms  are  more  numerous 
at  high  pressures  and  charged  molecules  at  low,  and  we  may  assume 
that  the  same  applies  to  the  neutral  constituents  of  the  rays.  On 
this  view  the  neutral  hydrogen  molecule  either  does  not  dissociate, 
or  is  not  formed  in  the  discharge  tube  with  potentials  below  3000 
volts.  With  higher  potentials,  its  collisions  while  still  in  the  lower 
chamber  cause  some  instability,  resulting  in  dissociation  in  the 
upper  chamber  with  a  consequent  emission  of  the  hydrogen  series 
lines.  The  lower  limit  for  the  time  required  for  this  radiation 
process,  5X10"^  sees.,  as  deduced  above,  apphes  on  this  view  to 
the  rate  of  dissociation  of  instable  hydrogen  molecules. 

INTERPRETATION   IN  TERMS   OF   ATOMIC  PROCESSES 

The  observed  duration  of  the  radiation  from  a  moving  beam  of 
canal  rays  may  be  interpreted  in  terms  of  the   atomic  process 
il  in  several  ways.     In  Wien's  earlier  papers  a  mean  value  for  the 

velocity  is  used,  and  the  exponential  intensity  decrease  observed 
is  supposed  to  be  the  sum  of  exactly  similar  intensity  decreases  for 
the  radiation  from  individual  flying  atoms.  This  interpretation 
is  in  accord  with  that  required  by  the  classical  theory  of  con- 
tinuous radiation  from  an  electronic  oscUlator  and  the  observed 
value  for  the  damping  coefficient  also  agrees  well  with  the  numerical 
value  predicted  on  this  theory.^     Objections  to  this  apparent  con- 

'  Philosophical  Magazine,  40,  242,  1920. 
^  H.  A.  Lorentz,  Theory  of  Electrons,  p.  260. 
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firmation  of  the  simple  radiation  picture  were  raised  by  Seeliger,^ 
who  pointed  out  that  the  particles  are  excited  at  various  distances 
in  front  of  the  hole.  I  have  also  found  that  if  we  assume  a  distribu- 
tion of  velocities,  similar  to  that  shown  by  Doppler  effect  curves, 
instead  of  a  single  velocity  as  assumed  in  Wien's  calculations,  the 
observed  intensity  decrease  may  even  be  obtained  from  particles 
that  emit  at  a  uniform  rate  and  cease  suddenly.  Such  a  type  of 
radiation  process  was  discussed  in  a  paper  by  Epstein.^  Recently 
Mie^  has  developed  a  theoretical  curve  for  the  decrease,  from  con- 
sideration of  the  phenomena  to  be  expected  with  Bohr's  atom 
model. 

A  second  interpretation  may  be  called,  on  Bohr's  picture 
of  the  radiation  process,  the  theory  of  delayed  jumps — the  dis- 
placed electron  may  remain  for  some  time  in  an  outer  non-radiating 
orbit  and  the  duration  of  the  actual  light  emission  may  be  com- 
paratively brief.  Thus  the  pencil  of  decreasing  luminosity  observed 
in  the  second  chamber  may  be  made  up  of  individual  flashes  or 
short  streaks  of  light  emitted  when  the  electron  does  return  to  the 
inner  orbit.  The  curve  in  Figure  2  is  thus  to  be  regarded  as  a 
decay  curve  for  the  semi-stable  excited  atoms  formed  in  the  dis- 
charge tube,  analogous  to  the  exponential  decay  curves  of  radio- 
active substances.  This  ''quantum"  interpretation  has  been 
discussed  by  O.  Stern  and  M.  Vollmer^  in  relation  to  a  paper  by 
Einstein.s 

A  third  interpretation  is  the  dissociation  theory  suggested  above 
to  explain  the  continuous  bundle.  Here  we  think  of  the  emission 
process  as  following  a  dissociation  process. 

STARK  EFFECT   OBSERVATIONS   AND   DURATION 
OF   THE   EMISSION 

A  discussion  of  Stark's  experiments  on  the  effect  of  an  electric 
field  on  spectrum  lines,  and  their  bearing  on  the  duration  of  the 
emission  process  has   recently  been  pubhshed  by   Foersterling.** 

'  Jahrbuch  der  Radioaktivitdt,  16,  420,  1920. 

^  Munchetier  Berichte,  p.  73,  1919. 

3  Annalen  der  Physik,  66,  237,  1921. 

'f  Physikalische  Zeitsckrifl,  20,  183,  1919. 

s  Ibid.,  18,  123,  1917.  ^  Zeitschrijt  fiir  Physik,  10,  357,  1922. 
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In  Stark's^  discharge  tube  the  flying  lummous  particles  move 
through  holes  in  the  cathode  into  a  strong  electric  field.  If  the 
radiation  from  an  atom  lasts  io~^  seconds  as  deduced  above,  the 
sources  will  move  1-4  cm  during  the  process,  and  should  carry 
their  light  into  the  electric  field. 

Stark  states  that  under  the  conditions  in  his  discharge  tube 
most  of  the  Hght  must  have  come  from  the  moving  particles  and 
adopts  precautions  to  avoid  the  Doppler  effect  from  their  motion. 
In  Stark's  experiments  the  dark  space  was  5  to  10  centimeters  in 
length  and  it  is  probable  that  the  gas  pressure  was  less  than  0.05  mm 
of  mercury,  giving  a  mean  free  path  greater  than  1.5  cm.  This 
according  to  Wien's  experiments  is  also  approximately  the  free 
path  for  changes  of  sign  in  the  canal  rays,  so  that  the  radiating 
particles  should  move  undisturbed  for  about  this  distance.  We 
have  shown  above  that  their  luminosity  is  not  aft'ected  in  intensity 
by  a  strong  electric  field.  His  observations,  however,  show  no 
unaft'ected  lines  in  the  field  with  Ha,  H7,  and  H5  (/^-components) . 
Foersterhng  concludes  that  the  radiation  from  an  atom  must  be 
capable  of  being  altered  during  the  process  of  emission  if  the  atom 
moves  into  an  electric  field.  He  proposes  the  idea  of  some  continu- 
ous connection  between  the  atom  and  the  energy  to  be  radiated  that 
would  allow  of  such  continuous  alterations  in  frequency  as  are 
observed,  and  would  abandon  Sommerfeld's  idea  of  the  energy 
radiation  process  in  itself  being  distinct  from  the  releasing  of  the 
energy  in  the  atom. 

If,  however,  we  are  to  keep  the  fundamental  idea  of  Bohr's 
theory  that  the  frequency  radiated  is  determined  by  the  energy 
difference  between  two  orbits,  the  following  considerations  lead  us 
to  suppose  that  the  elementary  radiation  process  is  completed  in  a 
very  brief  time.  In  his  191 5  paper  Stark  observes  that  the  field 
between  the  cathode  and  the  secondary  electrode  has  a  very  strong 
gradient  over  about  0.2  cm  near  the  cathode.  The  lines  are  split 
up  in  this  varying  field  so  that  the  displacements  follow  sharply 
the  variations  in  the  field  strength.  These  obser^-ations  are  pre- 
dicted with  remarkable  detail  by  the  theory  of  Epstein  on  the 
basis  of  a  calculation  of  the  modifications  introduced  by  an  electrical 

^  Annalen  der  Physik,  43,  968,  1914;  48,  194,  1915. 
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field  in  the  Bohr  non-radiating  orbits.  The  significant  point  is 
that  the  final  as  well  as  the  initial  modified  orbit  determines  the 
frequency  of  the  light  emitted.  If  in  the  varying  part  of  the  field 
a  frequency  characteristic  of  one  field  intensity  is  emitted,  the 
electron  must  have  passed  from  the  initial  to  the  final  orbit  while 
the  flying  atom  has  covered  less  than  0.2  mm.  We  are  also  bound 
to  say  that  the  energy  difference  must  have  been  completely  radiated 
in  the  same  short  interval.  The  only  logical  alternative  would  be 
for  the  atom  to  act  in  some  way  as  a  receiver  of  energy  and  to 
emit  it  later  in  such  a  manner  that  the  frequency  is  altered  to  suit 
the  new  field  strengths  existing  at  each  instant.  This  alternative 
suggested  by-  Foersterling  makes  the  frequency  radiated  inde- 
pendent of  any  orbital  considerations  whatsoever,  and  so  removes 
the  basis  of  Epstein's  theory  and  the  Bohr  theory  of  light  emission. 
The  successes  of  these  theories,  however,  should,  at  least,  be  con- 
sidered as  confirming  Bohr's  idea  of  connecting  radiation  fre- 
quencies with  differences  in  orbital  energies. 

We  are  thus  led  to  the  conclusion  that  the  whole  emission  process 
on  the  Bohr  picture,  including  the  transition  between  two  stationary 
orbits,  and  the  radiation  of  the  energy  dift'erence,  must  occur  while 
a  flying  atom  with  a  speed  of  approximately  6X10^  cm  per  second 
covers  0.2  mm;  that  is,  in  less  than  3  Xio~^°  seconds. 

The  success  of  Holtsmark's'  theory  of  the  broadening  of  spectral 
lines  also  gives  indirect  evidence  on  this  point.  The  broadening  is 
supposed  to  be  due  to  the  Stark  effects  produced  in  the  radiating 
atoms  by  the  superposition  of  the  electric  fields  from  other  flying 
atoms.  This  resultant  field  varies  very  rapidly  and  the  radiation 
emitted  has  a  frequency  corresponding  to  the  field  that  happens 
to  exist  at  the  particular  instant  of  the  light  emission. 

It  is  of  interest  to  consider  whether  the  three  interpretations  of 
the  canal  ray  experiments,  discussed  above,  are  compatible  with 
the  very  brief  duration  of  the  elementary  atomic  radiation  process, 
as  deduced  from  Stark's  experiments.  The  first  classical  inter- 
pretation gives  too  long  a  time  as  pointed  out  by  Foersterling. 
The  second  interpretation  of  the  duration  of  the  luminosity  as  due 
to  "delayed  jumps"  might  agree  as  far  as  the  brevity  of  the  actual 

'  Annalen  der  Physik,  58,  577,  1919. 
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emission  is  concerned,  and  may  apply  to  the  faint  short-lived 
bundle,  but  it  is  impossible  to  have  "delayed  jumps"  in  Stark's 
experiments,  since  it  is  necessary  to  have  the  initial  and  final 
orbits  both  characteristic  of  some  definite  electric  field.  The 
third  explanation  proposed  above  to  explain  the  long-Hved  con- 
tinuous bundle,  in  which  the  emission  from  an  atom  is  regarded  as 
following  the  dissociation  of  a  molecule,  may  be  reconciled  with 
Stark's  observations,  since  it  seems  probable  that  most  of  the 
moving  intensity  in  Stark's  experiments  was  of  this  kind,  inasmuch 
as  the  pressure  in  his  tube  was  such  as  to  give  a  dark  space  5  to 
10  cm  in  length.  Here  the  initial  orbit,  radiation  emitted,  and 
final  orbit  may  all  be  characteristic  of  the  point  in  the  field  at  which 
the  dissociation  of  the  molecule  leads  to  light  emission. 

Although  we  may  thus  obtain  agreement  between  Bohr's  theory 
and  canal  ray  experiments,  by  supposing  a  duration  of  the  light 
emission  process  of  less  than  3  X  io~^°  seconds,  we  are  led  thereby 
to  disagreement  with  the  observed  homogeneity  of  spectrum  lines. 
The  value  for  the  half  width  for  Ha,  .047  A,  as  observed  by  Michel- 
son',  agrees  with  the  value  computed  from  the  Doppler  effect 
caused  by  the  kinetic  motions  of  hydrogen  atoms  if  the  temperature 
is  assumed  to  be  135°  G.  The  finite  wave  train  of  9  cm  caused  by 
a  limitation  of  the  time  for  the  emission  to  3  Xio~'°  seconds  would 
cause  a  half  width  of  at  least  .01  A.^  This  would  leave  only  .037°  A 
as  due  to  Doppler  effect  and  this  is  smaller  than  that  demanded  by 
the  kinetic  theory  even  if  the  tube  were  at  room  temperature. 
With  helium  a  very  great  discrepancy  may  be  deduced. 

SUMMARY 

The  experimental  results  may  be  summarized  as  follows: 

1.  The  previously  reported  experiments  on  the  dying  out  of  a 
beam  of  moving  luminous  sources  in  hydrogen  canal  rays  in  2-4  cm 
have  been  repeated,  and  the  conditions  investigated  under  which 
the  dying  out  is  most  prominent.  The  upper  limit  for  the  time 
of  duration  of  this  radiation  process  is  io~^  seconds. 

2.  No  luminous  rays  are  present  that  die  out  in  a  much  shorter 
distance. 

•  Philosophical  Magazine  (5)  34, 280, 1892.  ^  Astrophysical  Journal,  2, 252, 1895. 
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3.  With  different  discharge  conditions  a  second  type  of  moving 
luminous  particles  appear  that  show  no  dying  out.  Their  radiation 
process  lasts  longer  than  5  X  lo"^  seconds.  With  low  pressures  they 
are  much  more  intense  than  the  short-lived  particles. 

4.  Both  types  of  luminous  particles  are  neutral,  and  their 
luminosity  is  not  altered  in  intensity  by  a  strong  electric  field. 

The  discussion  of  the  experiments  in  connection  with  other 
phenomena  bearing  on  light  emission  shows  that  the  first  type  of 
particles  may  be  neutral  hydrogen  atoms.  The  second  t)^e  of 
luminosity  may  be  a  secondary  phenomenon  following  the  dissocia- 
tion of  a  neutral  molecule.  Stark  effect  observations  in  a  variable 
electric  field  lead  us  to  assume  that  the  duration  of  the  elementary 
atomic  radiation  process  requires  less  than  3X10"'°  seconds. 
This  short  time  may  be  reconciled  with  one  interpretation  of  the 
experiments  in  this  paper,  but  leads  to  disagreement  with  the 
duration  of  the  atomic  radiation  set  by  the  classical  interpretation 
of  the  homogeneity  of  spectrum  lines. 

The  author's  thanks  are  due  to  Professor  Frost  and  Professor 
Parkhurst,  of  the  Yerkes  Observatory,  for  the  use  of  their  Hart- 
mann  microphotometer,  and  to  Dr.  F.  Kannenstine  for  many 
mechanical  suggestions. 
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A  STUDY  OF  THE  GREEN  AURORAL  LINE  BY 
THE  INTERFERENCE  METHOD^ 

By  HAROLD  D.  BABCOCK 

ABSTRACT 

Green  auroral  line;  observations  with  Fabry-Perot  etalon. — It  is  found  that  with  a 
camera  having  a  speed  of  f/2,  or  more  the  persistent  green  radiation  in  the  background 
of  the  night  sky  can  be  observed  through  a  Fabry-Perot  interferometer  on  almost  any 
night  between  third  and  first  quarters  of  the  moon.  No  dispersion  apparatus  is 
required.  Moderate  cloudiness  does  not  hinder  the  observations.  Orders  of  inter- 
ference amounting  to  3700,  8450,  15,500,  31,000,  and  85,000  waves  were  successively 
used  in  photographing  the  rings  and  from  the  sharpness  it  is  concluded  that  the  line- 
width  is  not  more  than  0.035  A-  ^0  appearance  of  doubling  or  other  complexity 
has  been  noted.  The  surface  brightness  of  the  diffuse  green  auroral  light  is  found  to  be 
of  the  order  of  io~'  times  that  of  the  green  radiation  from  a  mercury  arc  in  vacuum. 
Considerable  variations  in  the  intensity  have  .been  noted,  probably  amounting  to  at 
least  three-  or  fourfold.  A  consistent  series  of  eleven  interferometer  measurements 
of  the  wave-length  is  given.  Two  pairs  of  planes,  three  different  separations,  and  three 
different  pairs  of  metal  films,  both  gold  and  silver,  were  used.  The  green  mercury 
line  and  the  strongest  yellow  neon  line  were  used  as  reference  standards.  The  wave- 
length obtained  is  5577.350 ±.005  LA. 

INTRODUCTION 

An  extensive  list  of  papers  gives  evidence  of  the  interest  which 
investigators  have  shown  in  the  spectrum  of  the  polar  Kght.  While 
the  beautiful  researches  of  Stormer,  Birkeland,  Vegard,  and  others 
have  contributed  greatly  to  our  knowledge  of  the  nature  and 
causes  of  the  aurora,  the  origin  of  the  prominent  green  line  char- 
acteristic of  this  light  is  still  unexplained. 

It  has  long  been  recognized  that  on  nights  when  no  auroral 
display  is  visible  there  still  may  be  observed  in  the  background  of 
the  sky  a  faint  yellow-green  spectral  Hne  which  has  been  identified 
with  the  strong  Hne  in  the  spectrum  of  the  aurora  itself.  The  impor- 
tance of  further  study  of  this  light  is  emphasized  by  several  recent 
investigations.  Lord  Rayleigh^  has  shown  that  the  green  line  can 
be  photographed  in  England  on  two  nights  out  of  three,  even  when 
the  sky  is  partially  clouded.  He  also  found  that  it  was  more  intense 
at  Terling  near  London  than  some  three  degrees  of  latitude  farther 
north,    near   Newcastle.     Shpher^    has   pubHshed    the   results    of 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  259. 
^Proceedings  of  the  Royal  Society,  A,  100,  367,  1922. 
^  Astrophysical  Journal,  49,  266,  1919. 
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photographic  determinations  of  the  wave-length  of  the  green  line 
made  with  higher  dispersion  than  had  been  employed  previously. 
He  found  the  wave-length  to  be  5578.05  A  from  three  plates  made 
with  exposures  of  about  100  hours  each.  The  investigation  of 
Vegard'  leaves  no  question  as  to  the  identity  of  the  persistent  green 
line  with  that  present  in  the  spectrum  of  visible  streamers  and 
discusses  the  difficulties  of  accounting  for  it,  ias  well  as  the  possible 
manner  of  its  excitation. 

The  extreme  faintness  of  this  persistent  light,  on  the  one  hand, 
and  the  evanescent  character  of  most  other  auroral  phenomena, 
on  the  other,  have  hitherto  restricted  observers  to  the  use  of  low- 
dispersion  prismatic  instruments  for  such  investigations. 

It  is  the  purpose  of  the  present  paper  to  describe  work  done  in 
Pasadena  and  on  Mount  Wilson  during  recent  months  without  the 
customary  dispersing  apparatus,  and  to  present  the  results  of  new 
measurements  of  the  wave-length  of  the  green  line  made  by  the 
interference  method,  together  with  some  observations  on  its  width 
and  intensity. 

Inasmuch  as  this  hne  is  the  only  emission  line  found  within  a 
long  range  of  the  spectrum  of  the  night  sky,  it  should,  if  sufl&ciently 
homogeneous,  give  interference  rings  when  a  Fabry-Perot  etalon 
is  placed  in  front  of  a  camera  focused  for  parallel  light  and  pointed 
toward  the  sky.  Superposed  light,  having  either  a  continuous  or 
a  band  spectrum,  would  spread  a  uniform  illumination  upon  the 
ring  system,  and  the  visibility  of  the  latter  would  depend  not  only 
upon  the  sharpness  of  the  spectral  line  but  also  upon  its  brightness 
relative  to  the  background.  The  available  data  upon  the  bright- 
ness made  it  seem  probable  that  under  good  observing  conditions 
the  background  illumination  would  not  be  a  very  serious  obstacle, 
and  this  has  proved  to  be  the  case. 

LINE   WIDTH  AND   INTENSITY 

An  etalon  having  glass  planes  i  mm  apart  was  mounted  in  front 
of  a  hand  magnifier  lens  of  about  50  mm  equivalent  focal  length  and 
25  mm  clear  aperture.     The  planes  were  covered  with  very  thin 

^  Geofysiske  Puhlikationer,  2,  No.  5,  "Utgit  av  den  Geofysiski  Kommission"; 
Philosophical  Magazine,  42,  47,  1921. 
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films  of  gold  cathodically  deposited,  this  metal  being  chosen  because 
of  its  high  coefficient  of  transmission  for  green  light.  The  first 
plate  was  exposed  for  ten  hours  in  Pasadena  on  the  night  of  Feb- 
ruary 25-26,  1922,  and  upon  development  the  clear  impression  of  a 
system  of  circles  was  found.  No  attempt  was  made  to  maintain 
the  temperature  constant  during  the  exposure  and  no  means  were 
employed  for  reducing  the  background  illumination.  The  instru- 
ment, packed  in  a  wooden  box,  was  merely  directed  toward  a  point 
low  in  the  northern  sky,  away  from  the  glare  of  the  city  lights,and 
left  throughout  the  night  with  an  alarm  clock  set  to  close  the  shutter 
before  the  first  light  of  dawn.  A  photographic  emulsion  prepared 
by  Mr.  C.  E.  K.  Mees  of  the  Eastman  Kodak  Company  was  used. 
This  is  called  an  "Astronomical  Plate"  and  has  a  uniformly  high  sen- 
sitivity throughout  the  green  region  of  the  spectrum.  Several  other 
emulsions  tried  later  were  found  less  rapid. 

Instrumental  improvements  were  at  once  effected,  and  it  was 
soon  found  that  the  first  exposure  was  not  exceptional.  On  the 
contrary,  almost  every  plate  exposed  under  fair  conditions  has  shown 
at  least  some  trace  of  the  interference  ring  system,  and  even  on 
partially  cloudy  nights  good  photographs  have  been  obtained. 

Without  relating  in  detail  all  of  the  trials  made,  it  will  prove 
sufficient  to  describe  here  the  instrument  as  used  in  the  later  stages 
of  the  work.  The  camera  is  supplied  with  a  Dallmeyer  cinemato- 
graph anastigmat  lens  of  aperture  ratio// 1.9,  having  an  equivalent 
focal  length  of  76.8  mm.  It  has  a  spiral  focusing  mount  and  is 
rigidly  fastened  in  a  light  metal  box,  provided  with  a  brass  plate- 
holder.  The  interferometer  is  supported  upon  the  same  aluminum 
base  plate,  close  in  front  of  the  camera  lens.  It  consists  of  a  pair 
of  planes  of  either  glass  or  fused  quartz,  held  parallel  to  one  another 
by  an  invar  separator,  the  system  being  contained  in  a  steel  tube 
carrying  the  adjusting  springs  at  one  end.  A  cover  of  sheet  alumi- 
num incloses  both  etalon  and  camera,  and  the  combination  may  be 
quite  freely  handled  without  disturbing  the  adjustment.  The 
clear  aperture  of  the  interferometer  plates  when  in  position  is 
25  mm,  thus  reducing  the  effective  aperture  of  the  camera  to  about 
//3.  The  instrument  is  mounted  in  a  wooden  case  which  is  provided 
with  an  extension  1.5  meters  long  in  front,     A  piece  of  plate  glass 
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closes  the  opening,  and  a  simple  sliding  shutter  is  actuated  by  a  cord 
wound  on  the  spindle  of  the  ringing  mechanism  of  an  ordinary 
alarm  clock.  The  interior  of  the  compartment  containing  the  appa- 
ratus is  provided  with  a  thermostat  of  bimetalUc  strip  and  a  dis- 
tributed heating  resistance.  The  entire  case  is  packed  in  wool  in  a 
Etiuch  larger  wooden  box.  These  precautions  make  it  possible  to 
reduce  the  variations  of  temperature  to  less  than  o?i  C.  during  an 
exposure. 

It  was  found  that  the  i  mm  etalon  gave  sharp  fringes.  At  this 
point,  the  following  question  might  be  raised:  Is  it  certain  that 
the  fringes  photographed  are  produced  by  the  green  Une?  An 
examination  of  the  negatives  under  a  measuring  machine  shows  that 
the  scale  of  the  ring  system  itself  provides  an  affirmative  answer, 
for  a  rough  value  of  the  wave-length  is  given  by  the  expression, 

_2eS 

where  e  =  thickness  of  etalon ;  F  =  equivalent  focal  length  of  camera; 
5  =  difference  in  squares  of  successive  ring  diameters.  A  measure- 
ment of  S  and  its  probable  error  upon  a  plate  taken  with  the  i-mm 
etalon,  together  with  the  known  values  of  e  and  F,  gives  for  the 
wave-length  the  value  5525=^70  A.  The  difference  between  this 
approximation  and  the  known  value  of  the  wave-length  is  thus  well 
within  the  probable  error.  Observations  to  be  described  later 
remove  all  uncertainty  in  this  regard. 

The  etalon  plates  were  next  separated  more  widely.  The  second 
distance  chosen  was  2.4  mm  and  no  difficulty  was  experienced  in 
securing  sharp  fringes  with  this  order  of  interference,  namely, 
about  8450  waves.  The  next  higher  order  employed  was  15,500 
waves,  which  was  obtained  by  means  of  a  plane-parallel  glass  plate 
of  suitable  thickness  and  index  of  refraction,  Hghtly  gilded  on  both 
sides.     Sharp  fringes  were  photographed  with  this  instrument. 

The  fused  quartz  plates  referred  to  above  were  then  separated 
about  8.7  mm  by  pieces  of  invar  and  subsequent  photographs,  at 
about  3 1 ,000  waves  retardation,  still  showed  sharp  rings.  A  thicker 
plate  of  plane-parallel  glass  was  then  used,  giving  an  order  of  inter- 
ference for  the  green  Hne  of  approximately  85,000  waves.     With 
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this  high  order  of  interference  the  rings  are  ver}'  small,  but  they  are 
still  well  defined  and  a  conservative  estimate  of  their  width  places 
this  quantity  at  not  over  one-half  of  the  spectral  range  of  the  etalon, 
which  is  0.066  A.  It  would  appear  safe  to  say  that  the  wddth  of  the 
persistent  green  auroral  line  does  not  exceed  0.035  ^-  This  is 
approximately  the  width  of  the  finer  arc  lines  of  iron  when  excited 
in  a  vacuum  by  a  moderate  electrical  current. 

It  may  be  mentioned  here  that  the  spectral  range,  or  the  extent 
of  spectrum  contained  between  any  two  points  in  the  interference 
pattern  whose  orders  of  interference  differ  by  unity,  is  given  by  the 
expression 

Spectral  ranee=-  =  — 
p    2en 

where  X  =  wave-length;  p  =  order  of  interference;  e  =  thickness  of 
etalon;  ;z  =  index  of  refraction  of  the  medium  between  the  parallel 
planes. 

None  of  the  photographs  obtained  show  any  signs  of  doubling  or 
diss}Tnmetr}'  in  the  line;  the  number  of  different  orders  of  inter- 
ference employed,  together  with  the  fortuitous  values  of  their  ratios, 
would  indicate  that  the  Line  is  either  single  or  a  doublet  ha\dng  a 
separation  less  than  0.035  A,  o^j  ^  it  consists  of  a  primary-  and 
satellites,  the  latter  must  be  of  low  intensity. 

With  these  high  orders  of  interference  and  the  short-focus 
camera,  the  ring  systems  are  on  so  small  a  scale  that  further  large 
increase  of  resolving  power  is  impracticable.  To  increase  the  scale 
by  the  use  of  a  longer-focus  lens  requires  an  etalon  of  proportionately 
greater  diameter,  if  one  is  to  maintain  sufficient  photographic 
speed  to  secure  an  observation  in  a  single  night.  A  larger  etalon 
is  now  under  construction  in  the  instrument  shop  of  the  observatory 
with  which  stiU  higher  resolving  power  may  be  brought  to  bear  upon 
the  green  line  while  still  permitting  the  use  of  very  rapid  camera 
lenses. 

Most  of  the  photographs  discussed  here  were  made  when  the 
moon  was  below  the  horizon  throughout  all  or  nearly  all  of  the 
exposure  time.  Under  this  condition  it  is  found  that,  even  in  Pasa- 
dena, fair  contrast  may  be  secured  between  the  rings  and  the  back- 
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ground  without  the  use  of  a  color  screen,  except  when  clouds  or 
fogs  diffuse  the  light  from  street  lamps.  On  Mount  Wilson  no 
trouble  arises  from  artificial  illumination  if  the  northern  sky  is 
used,  and,  even  when  the  moon  is  at  the  quarter  phase,  good  plates 
may  be  obtained  if  a  filter  is  used  to  cut  off  light  of  wave-length 
less  than  about  5000  A. 

The  best  screen  is  found  to  be  one  designed  for  isolating  the 
green  fine  of  mercury  from  the  other  lines  in  the  spectrum  of  that 
element.  The  intense  absorption  bands  of  neodymium  in  the 
yellow  and  the  extinction  of  the  entire  spectrum  below  X  5200  leave 
only  a  small  portion  of  the  continuous  spectrum  effective,  since  the 
plates  used  are  comparatively  insensitive  to  red  light.  The  amount 
of  background  fog  is  thus  appreciably  reduced. 

When  all  obser\dng  conditions  are  as  uniform  as  possible  there 
still  appear  large  differences  of  intensity  among  the  photographs 
secured.  It  would  seem  that  variations  in  brightness  of  perhaps 
three-  or  fourfold  are  of  frequent  occurrence.  At  times,  the 
intensity  was  found  exceptionally  high,  the  best  instances  of  this 
being  the  observations  of  July  11-12  and  July  12-13.  There 
appeared  concurrently  at  the  sun's  limb  a  remarkable  prominence 
which  subsequently  extended  over  one-fourth  of  the  solar  cir- 
cumference, and  this  event  was  probably  associated  with  the  increase 
of  intensity  noted.  Since  the  present  year  is  near  a  minimum  in 
the  cycle  of  sun-spot  activity,  it  would  not  be  expected  to  offer  the 
best  opportunities  for  a  study  of  this  kind,  although,  if  systematic 
observations  had  been  made,  some  further  correlation  between 
intensity  of  persistent  auroral  light  and  solar  phenomena  might 
have  been  revealed. 

A  consideration  of  the  data  regarding  exposures  made  upon  the 
aurora  and  the  green  mercury  line  leads  to  an  estimate  of  the  order 
of  magnitude  of  the  ratio  of  the  surface  brightnesses.  The  mercury 
lamp  was  inclosed  in  a  box  having  an  opening  covered  by  the  filter 
which  transmitted  only  the  green  radiation.  This  light  fell  upon  a 
white  screen  having  a  good  diffusing  surface,  which  acted  as  a  reflec- 
tor and  furnished  Hght  to  the  etalon  and  camera.  The  area  of 
the  luminous  mercury  vapor  used  was  about  3  square  centimeters, 
and  it  was  distant  approximately  60  centimeters  from  the  diffusing 
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screen.  The  reduction  of  surface  brightness  is  then  found  by  com- 
paring the  area  of  a  hemisphere  of  radius  60  cm  with  the  area  of  the 
source.  This  ratio  of  areas  is  about  7000 :  i .  The  average  exposure 
time  for  the  aurora  was  about  nine  hours  and  for  the  mercury  light 
about  five  seconds,  but,  on  account  of  slower  plates  being  used  for 
the  mercury,  it  is  fair  to  take  the  corrected  ratio  of  exposure  times 
as  about  equal  to  ip".  Since  the  auroral  plates  were  generally 
weaker  than  the  comparison  photographs,  it  follows  that  in  round 
numbers  the  ratio  of  the  surface  brightness  of  the  green  radiation 
from  a  mercury  arc  to  the  surface  brightness  of  the  diffuse  auroral 
Kght  is  about  lo^  A  promising  field  is  offered  here  for  more 
extended  quantitative  work  upon  the  brightness  of  the  green  auroral 
light  and  its  variations. 

It  is  worthy  of  note  that,  for  studies  of  the  intensity  of  mono- 
chromatic sources  such  as  the  green  auroral  line,  instruments  like 
the  one  described  offer  certain  advantages.  This  is  especially  true 
when  the  etalon  consists  of  a  plane-parallel  glass  plate  with  gilded 
planes,  for  such  a  plate  is  always  in  adjustment  if  reasonably 
protected  from  temperature  variations,  and  its  gold  films  are 
fairly  permanent.  If  need  be,  the  metal  films  can  be  protected  by 
glass  covers,  one  of  which  may  be  a  color  screen,  cemented  on 
with  Canada  balsam.  Results  comparable  wdth  those  of  other 
observers  may  be  obtained  if  the  camera  speeds  are  specified  and  the 
absorption  factor  is  measured.  Since  a  moderate  order  of  inter- 
ference is  in  general  best  suited  to  intensity  observations,  there  is 
required  a  plane-parallel  glass  plate  of  sufficient  size  which  is  not 
too  thick.  But  extreme  accuracy  in  the  surfaces  is  not  essential, 
except  when  wave-length  measurements  are  to  be  made  upon  the 
rings,  and  no  great  difficulty  is  found  in  preparing  suitable  plates. 

It  may  be  remarked  that  a  plane-parallel  glass  plate  affords  a 
distinct  advantage  over  an  air  etalon  giving  the  same  order  of  inter- 
ference when  used  with  short-focus  lenses  in  the  study  of  widths  of 
spectral  lines.  It  may  easily  be  shown  that,  for  the  same  value 
of  focal  length,  and  the  same  integral  and  fractional  orders  of  inter- 
ference, the  diameter  of  a  ring  is  directly  proportional  to  the  index 
of  refraction  of  the  medium  between  the  reflecting  planes.  Thus, 
the  use  of  a  glass  plate  is  equivalent  to  an  increase  of  focal  length 
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in  the  ratio  3 : 2  without  loss  of  speed,  spectral  range,  or  resolving 
power.  This  increase  of  scale  is  very  valuable  when  the  limiting 
order  of  interference  is  approached. 

The  exposure  times  were  dependent  upon  the  hours  of  darkness; 
in  each  case,  all  the  available  time  of  a  single  night  was  used.  Near 
summer  solstice  this  amounts  to  only  six  hours  at  Mount  Wilson, 
since  exposures  were  not  made  when  the  sun  was  less  than  18° 
below  the  horizon.  No  observations  were  made  in  June,  but  in 
July  good  plates  were  secured  with  about  seven  hours'  exposures. 

WAVE-LENGTH  MEASUREMENTS 

Turning  now  to  the  question  of  the  wave-length  of  the  green  line, 
it  may  be  recalled  that'  the  recent  measurements  of  Slipher^  and  of 
Vegard^  are  of  outstanding  weight  in  comparison  to  those  made 
previously.  An  uncertainty  of  i  A  in  the  values  obtained  by  these 
observers  is  improbable.  On  this  account  it  was  deemed  sufficient 
to  begin  measurements  upon  interference  plates  taken  with  an  etalon 
having  a  spectral  range  of  about  1.5  A,  corresponding  to  a  distance 
of  I  mm  between  the  planes.  The  practice  was  adopted  of  photo- 
graphing the  green  line  of  mercury  through  the  instrument  before 
and  after  each  exposure  to  the  aurora,  always  diffusing  the  light 
from  a  large  surface  in  order  to  make  the  illumination  of  the  etalon 
similar  in  the  two  cases.  At  times,  the  bright  yellow  Kne  of  neon 
X  5852.488  was  used  in  addition  to  the  green  line  of  mercury. 
This  was  conveniently  supplied  by  a  5-watt  OsgKm  lamp  with  a 
specially  made  filter  to  reduce  the  intensities  of  the  other  lines  in 
the  spectrum.  The  spectra  of  mercury,  iron,  and  neon  were 
used  for  determining  the  integral  orders  of  interference. 

As  indicated  above,  there  is  no  ambiguity  attached  to  the  wave- 
length derived  from  the  i-mm  etalon  if  the  uncertainty  of  the  pre- 
liminary value  is  appreciably  less  than  the  spectral  range.  This 
condition  is  more  than  fulfilled  in  the  present  instance  by  the  agree- 
ment between  the  measurements  of  Slipher  and  Vegard.  But 
the  use  of  two  other  widely  different  orders  of  interference  furnishes 
an  independent  check.  Since  none  of  the  orders  employed  bears  a 
simple  multiple  relation  to  the  others,  the  consistent  values  of  the 

'  Loc.  cit.  '  Loc.  cit. 
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wave-length  yielded  by  the  three  etalons  can  only  arise  from  a 
unique  system  of  corresponding  whole  orders,  unless  a  preliminary 
wave-length,  differing  by  more  than  12  A  from  the  known  value, 
is  adopted.  This  may  be  seen  from  an  inspection  of  the  spectral 
ranges  of  the  various  etalons,  which  are  very  approximately  1.535, 
0.652,  and  0.178  A,  respectively,  at  wave-length  5577.  The  lowest 
integers  having  the  same  ratios  as  these  numbers  are  8,  19,  and  69, 
and  8  X  1.535  =  12.3  A.  Such  an  error  in  the  observations  of  previ- 
ous investigators  is  inadmissible. 

In  Table  I  are  presented  the  results  derived  from  all  the  plates 
thus  far  obtained  which  are  suitable  for  wave-length  determinations. 

TABLE  I 
Wave-Length  Observations  on  Green  Auroral  Line 


Date 

Station 

Reference  Line 

Etalon 

Observed  X 

Weight 

1922,  Sept.  20-21. .  . 

Sept.   21-22. . . 

Sept.  27-28. . . 
Oct.    18-19... 

Oct.    25-26... 

Nov.  16-17.  •  • 
Nov.  17-18.  .  . 
Nov.  20-21.  . . 
Nov.  22-23.  •  • 
Nov.  24-25 .  . . 
Nov.  25-26.  . . 

Mt.  Wilson 
Mt.  Wilson 
Mt.  Wilson 

Mt.  Wilson 

Mt.  Wilson 

Pasadena 
Pasadena 
Pasadena 
Pasadena 
Pasadena 
Pasadena 

5460.746 

5460.746 

5460.746 

/5460.7461 

15852.488/ 

/5460.746I 

I5852.488/ 

5460.746 

5460.746 

5460.746 

5460 . 746 

5460.746 

5460.746 

mm 

8.7 

8.7 

.     8.7 

8.7 

2.4 

I.O 
I.O 

2.4 
2.4 

8.7 

8.7 

I.A. 
5577-348 
•356 
■353 

•  344 

•  346 

.372 

•355 
•353 
•350 
•352 
•352 

2 

I 
I 

5 

3 
I 

I 
I 
I 
2 
2 

Weighted  mean . 

5577^350 

The  weights  given  in  the  last  column  are  based  upon  the  difficulty 
of  measurement  and  the  degree  of  constancy  of  the  etalon  between 
comparison  plates.  Under  the  best-  observing  conditions  the 
change  in  thickness  of  the  etalon  during  the  night  was  found  to 
be  so  small  that  if  either  comparison  plate  had  been  used  without 
the  other  the  error  introduced  would  not  have  exceeded  0.002  A. 

The  values  of  the  wave-lengths  of  the  reference  Hnes  are  those 
given  by  Fabry  and  Buisson'  and  the  Bureau  of  Standards^  for  the 

'  Journal  de  Physique  (5th  series),  9,  189,  1919. 

'  Scientific  Papers  of  the  Bureau  of  Standards,  No.  329,  1918. 
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mercury  and  the  neon  lines,  respectively,  in  terms  of  the  primary 
standard  of  wave-length.  The  numbers  in  the  column  headed 
"Observed  X"  are  uncorrected  either  for  change  of  phase  in  the 
interferometer  or  for  dispersion  of  the  atmosphere,  due  to  the 
observations  not  being  made  under  standard  conditions,  since  an 
exdmination  of  the  magnitudes  of  these  corrections  showed  them 
to  be  small  compared  to  the  variations  found.  Two  different  pairs 
of  gold  films  were  employed  on  the  fused  quartz  plates,  one  of  these 
pairs  of  films  having  a  small  admixture  of  silver  in  the  gold,  and  the 
observation  of  November  22-23  was  made  with  pure  silver  films  on 
glass  plates.  It  seems  probable  that  errors  due  to  the  imperfections 
of  the  interferometer  and  its  adjustment  are  nearly  eliminated  when 
the  separate  values  are  combined,  and  it  is  thought  that  the  weighted 
mean  derived  from  the  observations  is  reliable  to  approximately 
one  part  in  one  million.     This  mean  is 

X  =  5577-35o^o-ooiLA. 

the  probable  error  being  appended  to  show  the  accordance  of  the 
data  rather  than  to  indicate  the  limit  to  the  uncertainty  in  the 
wave-length. 

This  value  of  the  wave-length  is  0.48  A  less  than  that  of  Slipher, 
and  0.63  A  less  than  the  measurement  of  Vegard,  assuming  that 
these  observers  refer  their  results  to  the  Rowland  scale,  which  seems 
to  be  imphed  in  their  papers.  From  an  extensive  study  of  the 
differences  between  the  Rowland  and  the  International  scales  made 
at  this  observatory,  it  is  found  that  at  X  5577  the  latter  is  0.220  A 
below  the  former;  and  this  correction  has  accordingly  been  applied 
before  making  the  foregoing  comparisons. 

It  has  been  pointed  out^  that  for  interferometer  plates  the  scale  in 
angstroms  per  millimeter  at  any  point  in  the  ring  system  is  given  by 

where  F  is  the  equivalent  focal  length  of  the  lens  which  forms  the 
image  of  the  rings,  and  r  is  the  radius  to  the  point.  ,  For  the  present 
series  of  photographs,  F  has  the  value  76.8  mm,  so  that  the  coeffi- 
cient of  r  is  approximately  0.95.  From  this  it  is  found  that  the 
'  Mt.  Wilson  Contr.,  No.  137;  Astrophysicd  Journal,  46,  236,  1917. 
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PLATE  XVII 


Interterence  Rings  from  Green  Auroral  Line  and  from  Artificial  Sources 

(a)     Aurora.     July  26-27,  1922,  glass  plate  etalon,  order  of  interference  15500. 
Exposure  6''  50", //i.g. 

{b)     Aurora.     October   25-26,   1922,  air  etalon,   order  of  interference   8455. 
Exposure  10'',  7/3 . 

(c)  X5461  of  mercury,  glass  plate  etalon,  order  of  interference  15800. 

(d)  X5852  of  neon,  air  etalon,  order  of  interference  8058. 
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actual  dispersion  employed  in  these  observations  on  the  green  auro- 
ral line  varied  from  8.5  A  per  mm  for  the  largest  ring  used  with 
the  i-mm  etalon  to  0.57  A  per  mm  for  the  smallest  one  measured 
with  the  8.7-mm  etalon.  The  linear  diameters  of  the  interference 
rings  were  measured  with  a  precision  screw  under  a  microscope 
fitted  with  a  binocular  eyepiece,  at  a  magnification  of  about  tenfold. 
On  the  best  plates  of  the  aurora  as  many  as  ten  rings  were  measured, 
while  on  others  only  five  were  used.  For  the  comparison  plates, 
measurements  were  ordinarily  made  on  from  six  to  ten  rings. 
The  constant,  K\,^  was  determined  from  the  comparison  plates  on 
account  of  the  greater  ease  with  which  these  plates  could  be  meas- 
ured, and  the  value  of  K  to  be  used  for  the  auroral  rings  was  then 
derived  from  the  ratio  of  the  wave-lengths.  The  advantage  of 
measuring  several  rings  is  especially  great  in  the  case  of  such  photo- 
graphs as  those  under  discussion,  for  it  largely  eliminates  the 
errors  due  to  accidental  distribution  of  silver  grains  in  the  emulsion 
and  to  sHght  imperfections  in  the  film.  Each  ring  furnishes  an  inde- 
pendent value  of  the  fractional  order,  and  thus  of  the  wave-length, 
and,  when  reduced  by  the  method  indicated,  all  the  results  obtained 
from  a  given  photograph  are  of  practically  the  same  reliability, 
out  to  a  considerable  distance  from  the  center,  depending  upon  the 
actual  scale  of  the  plates.  No  other  measurements  are  required 
than  those  on  the  diameters  themselves. 

In  Plate  X\TI  are  shown  reproductions  of  the  auroral  photographs 
made  on  July  26-27,  a,  and  on  October  25-26,  h,  together  with 
comparison  photographs  from  mercury,  c,  and  neon  lines,  d.  The 
photographs  of  July  26-27  were  made  with  a  plane-parallel  glass 
plate  giving  orders  of  interference  of  about  15,500  for  the  auroral 
line,  and  15,800  for  the  green  mercury  fine.  The  exposure  time  for 
the  aurora  was  6  hours,  50  minutes  with  the  camera  working  at 
//i.g.  The  plates  of  October  25-26  were  made  with  an  air  etalon 
with  orders  of  interference  8455  for  the  auroral  line  and  8058  for 
the  yellow  neon  Hne  {d).  The  exposure  was  10  hours  at 7/3  for  the 
aurora.  The  sky  was  partly  cloudy  during  the  last  third  of  the 
exposure.  A  uniform  enlargement  of  4  diameters  has  been  used 
in  preparing  these  illustrations. 

'  Mt.  Wilson  Contr.,  No.  202;  Astrophysical  Journal,  53,  44,  1921. 
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Plate  XVIII  shows  at  a  the  auroral  exposure  made  on  October 
18-19  with  an  air  etalon  giving  an  order  of  interference  of  3 1 ,000.  At 
h  and  c  are  shown  neon  and  mercury  comparison  plates  used  for 
determining  the  wave-length.  At  d  is  shown  the  auroral  plate  of 
November  17-18,  made  in  Pasadena  with  a  i-mm  etalon.  The 
observation  made  on  the  aurora  with  the  highest  order  of  inter- 
ference is  not  suited  to  reproduction,  on  account  of  the  very  small 
scale  of  the  original. 

The  three  primary  data  required  concerning  a  spectral  line  are 
its  wave-length,  intensity,  and  width  or  character,  whether  single 
or  complex,  sharp  or  diffuse.  The  adaptabihty  of  the  Fabry-Perot 
etalon  to  studies  of  all  three  kinds  is  well  illustrated  here.  No 
other  instrument  offers  such  advantages  in  the  problem  at  hand  for 
precise  measurements  of  wave-length  and  for  examining  the  Une 
width,  while  its  usefulness  for  intensity  observations  is  hardly 
secondary  to  that  of  a  prism.  It  was  long  ago  pointed  out  by  Fabry 
and  Perot'  that  the  intensity  of  the  maxima  of  the  interference  rings 
would  be  equal  to  that  of  the  incident  Kght  if  there  were  no  absorp- 
tion m  the  metalHc  films.  If  high  resolving  power  is  required,  the 
reflecting  power  must  be  considerable,  and  this  entails  increased 
absorption,  but  for  intensity  observations  the  films  may  be  made 
exceedingly  thin,  so  that  the  loss  by  absorption  is  greatly  reduced. 
The  use  of  gold  in  place  of  silver  for  work  in  the  green  is  a  further 
help.  Although  measurements  upon  gold  are  not  available 
it  seems  probable  that  an  etalon  employing  this  metal  may  be  used 
for  intensity  observations  with  an  efficiency  of  at  least  60  per  cent. 
The  efficiency  of  a  glass  prism  with  its  collimating  lens  cannot 
greatly  exceed  75  per  cent.  This  difference  in  favor  of  the  prism  is 
to  a  considerable  extent  offset  by  the  fact  that  for  weak  images  it  is 
much  easier  to  judge  the  blackening  upon  the  interference  pattern 
of  the  etalon  than  upon  a  single,  narrow,  and  generally  short  image 
of  the  sht  which  is  given  by  the  prism. 

The  value  of  the  wave-length  obtained  here  is  not  sufficiently 
different  from  that  of  Shpher  to  provide  any  obvious  new  possibilities 
for  identifying  the  fine,  although  it  may  prove  an  important  aid  in 
the  solution  of  the  difficulty.     In  this  connection,  it  is  interesting  to 

'  Annales  de  Chimie  et  de  Physique  (7th  series),  12,  462,  1897. 
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Interference  Rings  from  Green  Auroral  Line  and  from  Artificial  Sources 

(a)  Aurora.     October   18-19,   1922,  air  etalon,  order  of  interference  31000. 
Exposure  9^  30'",  / '3. 

(b)  Plate  for  wave-length  comparison;    neon  X  5852,   order   of   interference 
29500. 

(f)     Plate  for  wave-length  comparison;    mercury  X  5461,  order  of  interference 
31600. 

(d)    Aurora.     November  17-1S,  1922,  i  mm  air  etalon,  order  of  interference 
3600.     Exposure,  made  in  Pasadena,  10'', //3. 
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recall  the  work  of  Fabry  and  Buisson'  upon  the  relation  between 
width  of  spectral  line,  atomic  weight,  and  absolute  temperature  for 
a  radiating  gas.  In  their  interesting  paper  they  give  results  of 
laboratory  tests  of  the  theory  that  under  suitable  conditions  of 
excitation  the  width  is  dependent  solely  upon  the  Doppler  efifect 
due  to  motion  of  the  radiating  centers  in  accordance  with  the  kinetic 
theory  of  gases.     The  equation  stated  by  them  is 


>-'Wi 


A  =  o. 82X10-   ,.  .,,_ 
\M 

where  A = width  of  Une  of  wave-length  X ;  T  =  absolute  temperature ; 
M  =  atomic  weight.  Measurements  are  given  for  hydrogen,  helium, 
neon,  and  krypton.  In  the  case  of  hydrogen,  there  may  be  some 
question  regarding  the  conclusion  drawn,  as  Saha^  has  pointed 
out,  but  for  the  other  three  elements  the  observations  appear  to 
furnish  satisfactory  confirmation  of  the  theory. 

An  appHcation  of  this  theory  to  the  aurora,  though  not  conclu- 
sive, may  be  of  interest.  If  the  absolute  temperature  of  the  earth's 
atmosphere  at  the  height  of  the  aurora  is  taken  at  218  °C.,  as  indi- 
cated by  Humphreys,^  and  the  width  of  the  green  auroral  line  is  put 
equal  to  0.035  A,  the  equation  above  gives  for  M  the  value  3.8, 
while  if  the  width  is  subsequently  found  to  be  less  than  0.035  -^>  the 
value  of  M  will  be  increased  accordingly.  It  is  evident,  then,  that 
if  hydrogen  is  postulated  as  the  origin  of  the  auroral  Hne,  the 
absolute  temperature  cannot  much  exceed  one-fourth  that  of  the 
isothermal  layer.  HeHum,  on  the  other  hand,  would  correspond 
well  with  the  probable  temperature;  but,  if  a  heavier  element  is 
involved,  the  Une-width  must  be  expected  to  be  less  than  the  upper 
Hmit  observed,  since  the  absolute  temperature  can  certainly  not 
be  much  higher  than  218°.  It  is  possible  that  further  studies  of  the 
line-width  and  an  examination  of  the  spectra,  under  extreme 
conditions  of  excitation,  of  the  gases  which  are  likely  to  be  respon- 
sible may  result  in  the  discovery  of  a  line  corresponding  to  the  new 
position  found  for  the  auroral  line. 

MotTNT  Wilson  Observatory 
December  1922 

'  Op.  cit.,  2,  442,  1912. 

'  Philosophical  Magazine,  40,  159,  1920.  ^  Physics  of  the  Air,  p.  70 


POLE-EFFECTS,   PRESSURE-SHIFTS,   AND 

MEASUREMENTS  OF  WAVE-LENGTHS  IN 

THE  SPECTRUM  OF  MANGANESE 

By  GEORGE  SPENCER  MONK 

ABSTRACT 

Interference  measurements  in  the  arc  spectrum  of  manganese  between  X  4470  atid 
X  6021. — Pole-effects,  pressure-shifts,  and  wave-lengths  for  the  stronger  lines  of 
manganese  between  X  4470  and  X  6021  have  been  measured.  A  carbon  arc  with  the 
lower,  positive,  pole  bored  out  and  filled  with  manganese  dioxide  was  used  as  a  source. 
(1)  Fres sure-shift:  The  interference  method  used  does  not  seem  to  be  suitable  for 
observations  on  pressure-shift  in  manganese,  on  account  of  the  intrinsic  wideness  of 
many  lines,  and  their  widening  under  pressure.  The  evidence  obtained  indicates  a 
correspondence  between  unsymmetrical  broadening  of  the  lines  under  pressure,  and 
pole-eilect.  (2)  Pole-effect:  Little  or  no  pole-effect  is  observed  with  a  carbon  arc  whose 
lower  pole  is  filled  with  manganese  chloride.  There  are  objections,  however,  to  its 
use.  A  moderate  effect  is  observed  at  the  positive  pole  of  a  carbon  arc  filled  with 
manganese  dioxide,  and  a  larger  effect  with  an  arc  between  metallic  poles.  (3)  Wave- 
lengths: Only  about  i  millimeter  of  the  center  of  a  12  mm  to  15  mm,  5-ampere  arc 
on  a  2 20- volt  circuit  was  used,  and  it  is  believed  that  pole-effect  is  entirely  absent 
from  the  measurements.  The  wave-lengths  of  about  forty  lines  have  been  measured 
with  an  accuracy  estimated  at  0.002  A.  Lines  of  neon  and  lines  of  iron  of  group  a 
were  used  as  standards,  the  strongest  component  of  Hg  5461  serving  as  an  auxiliary 
standard. 

On  account  of  the  prevalence  of  manganese  as  an  impurity  in 
iron,  and  the  consequent  appearance  in  the  spectrum  of  iron  of  the 
stronger  manganese  lines,  the  spectrum  of  manganese  is  of  interest 
as  a  possible  source  of  standards  of  wave-length.  Also,  a  knowledge 
of  the  correct  wave-lengths  of  many  manganese  lines  is  necessary 
for  comparison  with  the  corresponding  wave-lengths  in  the  sun. 
This  paper  contains  the  results  of  interferometer  measures  of  the 
wave-lengths  of  a  number  of  lines  in  the  region  X4470  to  X6021, 
together  with  an  examination  of  the  stronger  lines  in  that  region 
for  pole-effect,  and  their  behavior  under  moderate  differences  of 
pressure. 

Wave-lengths  of  manganese  lines  have  been  published  by  a 
number  of  observers.  Chief  among  these  are  those  due  to  Exner 
and  Haschek,^  Kilby,^  and  Fuchs,^  while  some  of  the  stronger  lines 

'  Die  Spektren  der  Elemente,  Leipzig,  191 2. 

'  Astrophysical  Journal,  30,  243,  1909.  ^  Zeit.filr  Wiss.  Phot.,  14,  239,  1915. 


WAVE-LENGTHS  IN  THE  SPECTRUM  OF  Mn  223 

have  been  measured  as  impurities  in  the  arc  spectrum  of  nickel  by 
Hamm/  and  of  iron  by  Burns/  who  used  the  interference  method. 

THEORY  AND  APPARATUS 

From  elementary  theory,  it  is  easily  deduced  that  the  fractional 
order  of  interference  at  the  center  of  the  ring  system  formed  by  the 
passage  of  light  through  a  parallel-plate  interferometer  is  expressed 
by 

E-\-{n-i)  =  ^^{i+m/SF^ni^),  (i) 

where  E  is  the  fractional  part  of  the  whole  order  of  interference  at 
the  center  of  the  ring  system,  D  is  the  diameter  of  a  ring,  F  is  the 
focal  length  of  the  lens  or  mirror  projecting  the  fringes  on  the  sHt 
of  a  spectrograph,  m  is  the  magnification  of  the  spectrograph,  and 
n  is  an  integer  referring  to  the  number  of  the  ring  counting  from 
the  center  outward.  This  equation  holds  only  when  the  magnifica- 
tion of  the  spectrograph  is  constant  for  all  wave-lengths.  For  the 
apparatus  used  in  this  investigation,  F  is  500  mm,  the  maximum 
D  is  25  mm,  and  m  is  1.07.  Hence,  neglecting  the  second  term  in 
the  bracketed  factor  on  the  right-hand  side  of  equation  (i)  intro- 
duces a  negligible  error  of  one  part  in  about  thirty-five  hundred 
for  the  largest  fringe  measured.  Also,  it  can  easily  be  shown 
that  the  difference  between  the  squares  of  the  diameters  of  con- 
tiguous fringes  for  a  given  wave-length  is  a  constant.  Hence, 
equation  (i)  can  be  put  into  the  simpler  form 

£H- (integer)  =  -^j—^—  (2) 

in  which  the  denominator  is  the  average  of  all  the  differences  of 
diameters  squared  for  a  given  line.  Thus,  by  the  use  of  equation 
(2)',  as  many  determinations  of  E,  the  fractional  order  of  inter- 
ference at  the  center  of  the  ring  system  for  a  given  line,  may  be 
made  as  the  number  of  fringe  diameters  measured.  In  practice, 
this  number  was  limited  to  eight  or  nine.  Equation  (2)  is  due  to 
St.  John  and  Babcock,  and  its  use  has  been  explained  by  them. 

^Zeit.fur  Wiss.  Phot.,  13,  105,  1913.  'Ibid.,  12,  207,  1913. 
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The  conditions  in  the  foregoing  theory  are  present  in  the  appa- 
ratus used.  Light  from  a  source  L  (Fig.  i)  is  focused  on  the 
aperture  of  a  parallel-plate  interferometer  by  a  concave  mirror 
Ci,  of  17  cm  diameter  and  60  cm  focal  length.  By  means  of  a  plane 
mirror  M,  the  Hght  is  then  reflected  to  concave  mirror  C2,  which  is 
set  at  a  distance  from  the  slit  6"  equal  to  its  focal  length.  Thus 
the  fringes  produced  at  the  interferometer  are  in  focus  on  the  slit. 
For  most  of  the  plates,  C2  is  of  50  cm  focal  length,  although  some 
were  taken  with  mirrors  of  60  cm  and  2  5  cm  focal  length.     Auxiliary 


Fig.  I 


dispersion  of  the  fringes  for  different  wave-lengths  is  obtained  by 
the  use  of  a  concave  grating  G,  on  which  the  incident  rays  are  tnade 
parallel  by  the  use  of  the  concave  mirror  C3,  of  approximately  6 
meters  focal  length.  This  form  of  the  apparatus  is  due  to  Pfund. 
The  grating,  ruled  by  Professor  Michelson,  is  of  good  quaHty  and 
has  a  ruled  surface  2  inches  by  5.5  inches,  with  15,000  lines  to  the 
inch.  Its  focal  length  is  2 1  feet.  A  negligible  amount  of  astigma- 
tism exists  in  the  spectrograph  owing  to  the  small  angle,  about  two 
degrees,  between  the  incident  and  reflected  beams  at  C3.  The 
grating  and  plate-holder  are  mounted  at  the  ends  of  a  rigid  steel 
bar,  which  is  movable  about  a  vertical  axis  passing  through  the 
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center  of  the  grating.  The  photographic  plate  is  10  inches  long  by 
2  inches  wide,  bent  so  that  the  fringes  are  in  focus  over  its  entire 
length.  The  plate-holder  is  so  mounted  in  guides  that  it  can  be 
moved  a  small  distance  horizontally  in  a  direction  at  right-angles 
to  the  beam  of  light  by  means  of  a  push-screw,  thus  permitting 
exposures,  with  the  source  under  different  conditions,  to  be  photo- 
graphed so  that  the  spectrum  Hnes  are  side  by  side  on  the  same 
plate.  The  housing  of  the  auxiliary  spectrograph  is  large  enough 
to  permit  exposures  in  the  yellow  of  the  second  order. 

The  ■  interferometer  is  equipped  with  a  number  of  etalons 
ranging  in  thickness  from  2.5  mm  to  40  mm.  The  etalons  are 
brass  rings  with  three  invar  studs  exactly  equal  in  length  to  within 
a  fraction  of  a  light-wave.  During  this  investigation,  a  pair  of 
quartz  mirrors  was  used,  accurately  flat  to  a  fraction  of  a  fringe, 
and  sputtered  to  an  appropriate  thickness  of  silver  by  cathodic 
deposition.  The  aperture  of  the  interferometer,  upon  which  the 
light  of  the  source  is  focused,  is  placed  between  the  source  and  the 
silvered  surfaces,  and  as  near  the  latter  as  possible. 

The  entire  instrument,  inclosed  in  a  tight,  double-walled  box, 
is  located  in  a  constant-temperature  room  in  the  basement  of 
Ryerson  Laboratory.  The  source  of  light  and  the  concave  mirror 
Ci  are  in  an  adjoining  room,  the  light  being  projected  on  the  inter- 
ferometer through  a  hole  in  the  wall,  over  one  end  of  which  is  a 
plate-glass  cover.  With  these  precautions,  the  interior  of  the 
interferometer  box  and  spectrograph  iS  free  from  temperature 
effects  sufi&cient  to  cause  displacements  of  the  fringes.  In  order 
to  obtain  a  check  on  instrumental  changes  of  any  sort  during 
exposures,  a  short  exposure  to  a  Cooper-Hewitt  lamp  was  made  on 
each  plate  before  and  after  each  of  the  principal  exposures.  In 
addition,  the  order  in  which  the  exposures  to  manganese  arc  and 
standards  were  made  was  varied,  to  prevent  systematic  errors  due 
to  possible  changes.  Some  few  plates  were  taken  with  simultaneous 
exposures  of  manganese  and  standard  source,  but  it  was  found  that 
successive  exposures  with  the  Hg  spectrum  as  a  check  gave  satis- 
factory results.  It  might  be  mentioned  in  this  connection  that  the 
character  of  the  lines  examined  made  the  highest  degree  of  accuracy 
of  measurement  impossible.     Where  the  character  of  the  inter- 
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ference  fringes  and  the  nature  of  the  source  permit  the  greatest 
accuracy,  simultaneous  exposures  are  to  be  recommended. 

In  all,  about  fifty  plates  of  the  manganese  spectrum  were  taken 
and  measured.  The  source  was  a  vertical  carbon  arc,  mounted 
so  that  quick  and  accurate  adjustments  could  be  made  for  focus 
anxl  setting  of  the  image  of  the  source  on  the  interferometer  aperture. 
In  the  lower,  positive,  electrode,  about  12  mm  in  diameter,  was 
drilled  a  3  mm  hole,  packed  with  MnOa.  The  upper,  negative, 
electrode  was  a  solid  carbon,  9  mm  in  diameter.  Attempts  were 
made  to  use  a  metallic  manganese  arc,  in  the  hope  that  the  extremely 
steady  conditions  of  the  Pfund  iron  arc  could  be  obtained,  but 
metallic  manganese  spluttered  so  badly  that  it  proved  unmanage- 
able. Some  exposures  were  made  with  a  carbon  arc  as  described, 
the  lower  pole  being  charged  with  manganese  chloride  instead  of 
manganese  dioxide.  This  arc  required  too  frequent  charging,  and 
the  location  of  the  center  of  the  arc  was  an  uncertain  matter.  The 
manganese  dioxide  formed  a  bead  almost  equal  in  steadiness  and 
longevity  to  the  bead  of  the  Pfund  iron  arc.  The  current  was 
maintained  at  5  amperes  on  a  2 20- volt  circuit,  and  the  distance 
between  the  electrodes  was  from  12  to  15  mm. 

For  the  red  region,  Wratten  Panchromatic  plates  were  used. 
Cramer  old-style  X-ray  plates,  having  a  pronounced  maximum 
of  sensitiveness  to  the  green,  were  used  for  wave-lengths  below 
X  5600.  Exposure  times  ranged  from  about  four  minutes  for  the 
brightest  component  of  H^  X  5461  to  an  hour  for  some  of  the  faint 
lines  of  manganese. 

The  etalons  used  were  5  mm  and  7.5  mm.  The  choice  of  these 
distances  rather  than  distances  with  a  greater  difference  between 
them  was  necessitated  by  the  character  of  the  lines  measured. 
Most  of  them  were  intrinsically  very  wide.  The  principal  effect 
of  the  small  range  is  an  increase  of  the  uncertainty  of  the  phase- 
change  correction.  A  comparison  of  the  measures  with  those  of 
other  observers  indicates  that  no  systematic  error  has  been  thus 
introduced. 

The  image  of  the  source  in  focus  on  the  interferometer  was 
about  5.5  times  the  size  of  the  source.  This  gave  an  image  of  the 
arc  between  70  and  80  mm  in  length.  The  aperture  of  the  inter- 
ferometer was  rectangular  in  shape,  and  6  mm  high  by  13  mm  wide. 
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Thus,  the  central  portion  of  the  arc  selected  was  well  within  the 
dimensions  prescribed  by  the  Committee  on  Standard  Wave- 
Lengths.  The  interferometer  was  so  placed  that  an  image  of  its 
aperture  coincided  with  the  ruled  area  of  the  grating  and  was  in 
sharp  focus  thereon.  It  is  believed  that  on  account  of  the  large 
magnification  of  the  arc,  and  the  careful  selection  of  its  center, 
the  wave-lengths  determined  are  entirely  free  from  pole-eflfect. 

MEASUREMENT  AND  COMPUTATION 

The  plates  were  measured  on  a  Gaertner  comparator,  readings 
being  made  to  hundredths  of  a  millimeter.  Two  or  three  settings 
were  made  and  averaged  for  each  fringe.  In  some  exceptional 
cases,  such  as  in  preliminary  determinations  of  the  phase-change 
correction  where  the  etalon  used  was  so  small  that  a  mirror  of 
comparatively  short  focal  length  was  used  to  project  the  fringes 
on  the  slit,  the  readings  were  made  to  thousandths  of  a  millimeter. 
From  the  measured  diameters  of  the  fringes,  the  fractional  orders 
of  interference  were  computed  to  the  third  decimal  place  according 
to  formula  (2).  The  integral  part  of  the  order  of  interference  was 
computed  on  a  calculating  machine  by  a  quick  and  easy  method 
similar  to  that  described  by  Meggers.  The  complete  order  of 
interference  thus  obtained,  multiplied  by  the  wave-length  of  the 
standard  line,  gave  the  double  distance  between  the  interferometer 
plates.  This  value,  divided  by  the  orders  of  interference  for  the 
other  lines  on  the  plate,  gave  the  wave-lengths  of  those  lines  to 
the  fourth  decimal  place. 

As  standards,  in  the  red,  lines  of  neon  were  used,  in  particular 
X  5944.834;  in  the  green,  the  Fe  line  X  5497.522  was  used  as  a 
standard,  although  many  of  the  plates  were  measured  in  terms  of 
Hg  X  5461,  this  line  being  measured  in  terms  of  the  Fe  and  neon 
Hnes  for  both  etalons.  The  adopted  values  of  the  wave-length  of 
the  bright  component  of  Hg  X  5461  were:  for  the  5  mm  etalon, 
X  5460.7443;  for  the  7.5  mm  etalon,  X  5460.7434.  The  difference 
is  due  to  a  greater  nearness  of  a  fainter  component  for  one  of  the 
etalons.  Both  of  these  values  are  slightly  larger  than  the  value 
X  5460.7424  obtained  by  Fabry  and  Buisson  with  a  5  mm  etalon. 
A  number  of  plates  were  taken  with  neon,  mercury,  and  iron, 
giving  a  check  on  the  phase-change  corrections  used.     A  curve 
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plotted  for   the  corrections   thus  derived    agrees  well  with   that 

obtained  from  the  manganese  measures.     In  compiling  the  final 

table  of  wave-lengths,  the  formula  for  the  phase-change  correction 

derived  by  Meggers  was  used.     Table  I  shows  the  application  of 

the  formula  to  three  lines  and  a  comparison  with  the  values  obtained 

by  calculating  the  phase-change  correction  for  the  region  on  the 

basis  of  the  neon  lines,  assuming  the  Bureau  of  Standards  values  as 

correct. 

TABLE  I 


Ax  = 


gjC 


Reduction  for  Phase-Change 


A.  =  - 


61  =  5.0  mm; 


62  =  7-5  mm 


c= difference  between  uncorrected  wave-lengths  of  a  line  for  two  etalons 


Line 

Uncorrected 

c 

Corrected 

By  Neon 
Lines 

Adopted 

7.5  mm 

S.o  mm 

6013 

6016 

6021 

.4964 

•6459 
.8015 

.4978 
■6474 
.8028 

—  0.0014 
-0.0015 

—  0.0013 

■4936 
.6432 
.7987 

.4946 
.6440 
•7995 

•  494 
.644 

•799 

PRESSIIRE-SHIPTS 

Table  II  gives  the  results  of  measures  on  a  number  of  lines 
photographed  with  the  source  subject  to  pressures  ranging  from 
5  cm  to  160  cm  of  mercury.  A  plate  taken  with  a  metal  electrode 
showed  fringes  so  widened  for  moderate  pressures  that  measures 
were  impossible.  It  was  not  considered  advisable  to  make  a  more 
comprehensive  study  of  pressure-shifts  in  manganese  at  this  time 
in  view  of  the  small  extent  of  the  region  investigated. 

TABLE  II 


Line 

Displacement 
per  Atmos- 
phere 
High-Low 

Line 

Displacement 
per  Atmos- 
phere 
High-Low 

Line 

Displacement 
per  Atmos- 
phere 
High-Low 

4709 

4727 

0.004 
0.004 
0.002 
0.006 
0.014 
0.006 
0.009 
0.006 

4783 

4823 

5341 

0.004 
0.006 
0.004 
0.008 
0.006 
0.009 
O.OIO 

0.003 

5470 

5481 

CC16 

0.007 
0.008 

47aO 

0.003 
0.008 
0.009 
O.OII 

4754 

4761U 

4762/   

4765!* 

4766/   

5377 

5394 

5537 

6013 

6016 

5399 

5420 

5432 

6021 

0.013 

*  Close  pairs,  measures  doubtful. 
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It  is  important  to  note  a  fact  which  does  not  appear  from  Table  II. 
The  displacements  for  X  4754,  X  4783,  and  X  4823  are  from  settings 
on  what  appears  to  be  the  center  of  the  most  dense  portion  of  the 
fringes.  Actually,  in  pressures  higher  than  atmospheric,  these 
fringes  were  drawn  out  so  far  toward  the  center  of  the  ring  system 
for  each  of  the  lines  that  it  was  doubtful  where  the  center  of  the  line 
really  lay.  In  other  words,  these  three  lines  were  unsymmetrically 
widened  toward  the  red,  a  condition  frequently  noted  in  certain 
groups  of  hnes  photographed  under  high  pressures,  and  strikingly 
illustrated  in  the  plates  of  Gale  and  Adams^  taken  with  the  source 
under  a  pressure  of  8  atmospheres.  The  displacements  indicated 
in  Table  II  for  X  6013,  X  6016,  and  X  6021  are  based  on  observations 
at  atmospheric  pressure  or  less,  no  measures  being  made  on  plates 
taken  at  higher  pressures. 

POLE-EFFECT 

The  pole-effect  for  manganese  has  been  investigated  by  Brendel- 
Wirminghaus^  for  wave-lengths  shorter  than  X  5600.  This  investi- 
gator used  a  carbon  arc,  one  pole  drilled  out  and  filled  with  manga- 
nese chloride.  She  concluded  from  her  results  that  the  spectrum 
of  manganese  showed  no  pole-effect.  The  present  writer  made  a 
number  of  exposures  with  this  form  of  arc,  and  observed  little  or 
no  pole-effect  at  the  negative,  carbon,  pole.  At  the  positive  pole, 
which  was  drilled  out  and  filled  with  manganese  chloride,  the 
results  were  inconclusive,  a  few  plates  showing  an  appreciable 
effect,  and  many,  none  at  all.  An  objection  to  the  use  of  manganese 
chloride  is  in  the  uncertain  manner  in  which  the  arc  burns.  Most 
of  the  time,  since  the  chloride  is  used  up  quickly,  the  arc  issues 
from  the  positive  pole  at  a  point  between  2  and  5  mm  below  the 
end  of  the  electrode,  rendering  observations  for  pole-effect  useless. 

With  a  metallic  arc,  the  values  shown  in  Table  III  have  been 
obtained,  using  the  third  order  of  the  lo-inch  Michelson  grating 
in  the  30-foot  Littrow  spectrograph.  A  comparison  with  the  results 
of  St.  John  and  Babcock  is  given  in  Table  III.     Several  exposures 

'  Mt.  Wilson  Cantr.,  No.  58;  Astrophysical  Journal,  3s,  10,  1912. 
'Zeit.ftir  Wiss.  Phot.,  20,  229,  1921. 
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using  the  interference  method  with  a  carbon  arc,  in  which  the  lower, 
positive,  pole  was  drilled  out  and  packed  with  manganese  dioxide, 
gave  the  results  in  Table  IV. 

TABLE  III 


TABLE  IV 

Line 

No.  Plates 

Positive 
Pole-Center 

Line 

No.  Plates 

Positive 
Pole-Center 

4472 

I 
I 
I 
I 
3 
3 
3 
2 
2 
2 
2 
2 

.003 
.003 
.003 
.004 
.002 
.004 
.004 
.008 
.009 
.007 
.005 
.005 

t,2^K 

2 
2 
2 
3 

3 
3 
3 
2 

4 
4 

4 
4 

.003 
.003 
.008 
.003 
.005 
.003 
006 

4490 

4498 

4502 

4709 

4727 

5341 

5377 

5394 

5420 

5470 

5481 

4,7-20 

4754 

.005 

.OOt 

478^ 

5516 

6013 

6016 

6021 

4821 

.007 

.008 
.012 

5150 

S196 

X  4754,  X4783,  X4823,  which  were  mentioned  in  connection 
with  the  discussion  of  pressure-shifts,  as  having  an  abnormal 
widening  toward  the  red  under  pressure,  are  here  shown  to  have 


(c) 


Fig.  2 


larger  pole-effects  than  other  lines  in  the  same  region.  It  is  also 
of  interest,  in  connection  with  pole-effect,  to  notice  the  difference 
in  appearance  of  the  three  t^'pes  of  arc  used.     These  are  illustrated 
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in  Figure  2:  (a)  is  almost  uniform  in  intensity  from  pole  to 
pole,  the  arc  at  the  positive  pole  seeming  to  spring  from  the 
crater  in  which  the  manganese  chloride  has  sunk;  (6)  has  a 
marked  condensation  of  the  discharge  at  the  point  on  the  manganese 
oxide  bead  from  which  the  arc  springs,  and  is  brighter  there;  (c) 
has  this  same  feature  at  the  positive  pole,  and  an  excessively  great 
intensity  at  the  negative  pole. 

WAVE-LENGTHS 

The  adopted  wave-lengths  for  the  lines  measured  are  shown  in 
Table  V,  compared  with  the  results  of  other  observers.  A  difference 
of  0.1  A  in  the  case  of  X  4739  is  undoubtedly  due  to  an  error  or 
misprint  in  the  lists  of  other  observers,  since  no  manipulation  of  the 
whole  number  part  of  the  order  of  interference  will  give  an  approxi- 
mation to  their  results.  The  value  for  X  5377  is  in  some  doubt 
owing  to  the  presence  of  a  faint  line  close  on  the  violet  side.  While 
the  probable  errors  in  column  8,  based  on  the  collected  measures 
from  each  plate,  are  as  low  as  o.ooi  A,  this  does  not  represent  the 
consistency  of  the  measures  of  the  individual  fringes  for  a  single 
exposure.  These  were  not  so  good,  especially  for  the  very  wide 
lines.  Consequently,  it  is  believed  that  claim  cannot  be  made  to 
greater  accuracy  than  0.002  A. 

The  usefulness  of  manganese  lines  in  the  region  studied  as 
possible  secondary  standards  is  in  general  impaired  by  two  considera- 
tions. Many  of  the  lines  are  eliminated  on  account  of  their  intrinsic 
width.  Most  of  those  which  are  designated  by  Janicki  as  sharp, 
simple  lines  are  as  a  rule  most  affected  by  pressure-shift  and  pole- 
effect.  Among  these  latter  are  XX  4754,  4783, 4823, 6013, 6016,  6021, 
which  on  account  of  their  intensity,  appear  most  frequently  in  the 
arc  spectrum  of  iron.  With  exposures  carefully  made  on  the 
center  of  the  arc,  they  should  be  useful  as  standards  of  measurement. 

No  lines  of  any  prominence  were  measured  in  the  region  between 
^  5537~X  6013.  While  there  are  several  lines  of  moderate  intensity 
in  the  neighborhood  of  X  5800,  none  of  the  plates  taken  showed 
them  with  sufficient  density  for  measurement.  Three  other  lines, 
X4709,  X4727,  and  X  4739,  all  sharp,  and  having  the  advantage  of 
comparative  isolation  in  the  spectrum,  gave  promise  of  usefulness 


232 


GEORGE  SPENCER  MONK 


as  standards.     The  values  obtained  for  these  lines  are  however 
so  different  from   the  values  obtained  by  other  observers   that 

TABLE  V 


Rowland 


Line 


4470 
4472 
4490 
4498 
4502 
4605 
4626 
4671 
4701 
4709 
4727 

4739 
4754 
4761 
4762 
4765 
4766 

4783 
4823 

5117 
5150 
5255 
5341 
5377 
5394 
5399 
5407 
5413 
5420 
5432 
5457 
5470 
5481 
5505 
5516 
5537 
5551 
5567 
6013 
6016 
6021 


Exner  & 
Haschek 


I.  A.  Units 


Kilby 


138 
800 
071 
898 
218 
378 
552 
694 

150 
708 
476 
004 
046 
521 
375 
852 
414 
454 
521 
944 
937 
2>Z° 
068 
623 
679 
494 
429 
690 

371 
553 

644 
401 
874 
774 
753 
991 

480 
631 
794 


Fucbs 


.142 

■793 
.078 
.897 
.223 
•367 
•  546 
.688 
.158 
.704 
.462 
.001 
.048 

■  527 
•375 
.856 
.426 

■  432 
.522 
•935 


•330 
.070 

•634 
.677 
.506 

•  432 
.696 
.368 

•555 
.468 
.640 
•395 
•877 
•773 
•749 
•987 
.764 

•  484 

•  636 

•787 


,141 


•903 
.  219 


.464 


■524 
•373 
.863 
.422 
•434 


Hamm 


147 


,228 


•  528 
•374 
.861 
.421 


Monk 


140 
796 
081 
900 

222 

365 
542 
684 
154 
713 

479 
106 
041 

526 

375 
S61 
429 
428 
516 
940 

930 
320 
066 
619 
676 
487 
428 
683 
361 
545 
463 
642 

387 
874 
773 
759 
984 
761 

494 
644 

799 


Prob. 
Error 


.cxx>6 
.0004 
.0002 
.0004 
.0003 
.0005 
.0004 
.0008 
.0008 
.0002 
.0002 

.OCX32 
.0004 
.0002 


.0003 
.0004 
.0006 
.0006 


.0004 
.0012 
.0007 
.0006 
.0006 
.0009 
.0010 
.0007 
.0006 


.0005 
.0006 
.0006 
.0005 
.0007 


.0006 
.0005 
.0008 


No. 
Plates 


II 
II 
II 
6 
6 
2 
6 

5 
6 
6 


4 

7 

II 

15 
9 
4 
5 
6 


5 
9 

II 

9 

I 

I 

12 

13 

14 


further  measurement  is  necessary.     It  is  planned  to  continue  this 
investigation  in  the  arc  spectrum  of  manganese,  using  a  cadmium 


i 


WAVE-LENGTHS  IN  TEE  SPECTRUM  OF  Mn  233 

tube  as  a  standard  source,  for  such  lines  as  these,  for  fainter  Hnes, 
and  for  other  parts  of  the  spectrum. 

In  conclusion,  the  writer  wishes  to  acknowledge  the  help  and 
guidance  of  Dr.  H.  G.  Gale,  under  whose  direction  this  work  was 
begun  and  carried  on,  and  whose  liberality  in  time  and  equipment 
made  the  results  possible.  Thanks  are  also  given  to  Messrs, 
St.  John  and  Babcock,  who  furnished  details  of  their  own  apparatus, 
to  Dr.  Elias  Klein  for  taking  and  measuring  several  plates,  and  to 
Mrs.  Monk  for  aid  in  measuring  and  computing. 

Ryerson  Laboratory 
April,  1923 


A  NEW  METHOD  FOR  THE  MEASUREMENT  OF 
THE  DEPTH  OF  THE  CHROMOSPHERE^ 

By  PHILIP  FOX 

ABSTRACT 

Depth  of  iJie  chromosphere. — (i)  Prism  micrometer  method  of  measurement  involves 
reflecting  light  from  each  of  two  diametrically  opposite  edges  of  the  solar  image  on  to 
the  slit  of  a  spectroscope  by  means  of  prisms  whose  distance  apart  can  be  varied  by 
screw  adjustments.  The  apparatus  is  shielded  from  the  sun's  heat  by  means  of  a 
plate  equal  in  size  to  the  solar  image.  The  double  thickness  of  the  reversing  layer  is 
determined  from  the  difference  between  the  minimum  and  maximum  separations  of 
the  prisms  for  which  light  from  each  shows  the  chromosphere  lines.  (2)  Preliminary 
observations  at  Yerkes  Observatory,  under  unfavorable  conditions  of  seeing,  indicate 
that  for  a  clear  sky  the  depth  would  be  over  10"  for  Ha  and  over  8"  for  D3. 

In  1909  Hale  and  Adams  published  a  paper  on  the  "Photog- 
raphy of  the  Flash  Spectrum  without  an  Eclipse.'"'  In  this  paper 
they  described  the  apparatus  and  method  of  operation  for  holding 
the  Hmb  of  the  sun  exactly  tangential  to  the  slit  of  the  spectrograph. 
The  success  of  the  observations  depends  on  holding  the  bright  Hnes 
of  the  chromosphere  continually  in  view  during  the  exposures. 
This  is  a  matter  of  considerable  deKcacy,  for,  if  the  photosphere 
falls  on  the  sHt,  its  brilliant  spectrum  will  blot  out  the  fainter  chro- 
mospheric  lines,  and  if  the  slit  is  too  far  from  the  hmb  the  Hnes  of 
the  lower-lying  vapors  do  not  appear. 

The  success  of  their  observations  suggested  that  if  such  an 
apparatus  could  be  adapted  for  simultaneous  visual  observations  of 
the  "flash"  spectrum  from  points  on  the  limb  diametrically  opposite 
we  would  have  a  very  delicate  method  of  measuring  the  depth  of 
the  reversing  layer  and  possibly  also  the  diameter  of  the  sun. 

As  the  only  observational  evidence  on  the  thickness  of  strata 
of  vapors  of  the  reversing  layer  heretofore  available  comes  from  the 
length  of  cusps  shown  by  objective-prism  spectra  of  the  chromo- 
sphere taken  at  times  of  solar  ecHpses,^  it  was  thought  advisable  to 
test  this  new  suggestion  with  a  view  to  supplementing  these  results.'' 

'  This  method  was  first  suggested  by  the  writer  at  the  Washington  meeting  of 
the  American  Section  of  the  International  Astronomical  Union  on  April  4,  1922. 

^  Astrophysical  Journal,  33,  222-230,  1909. 

3  Frost,  Astrophysical  Journal,  12,  321,  1900;   S.  A.  Mitchell,  ibid.,  15,  119,  1902. 

^  Since  writing  this  paragraph  my  attention  has  been  directed  to  St.  John's 
observations  of  the  depth  of  the  reversing  layer  in  which  he  used  photographs  of 
spectra  made  with  radial  slit.     Astrophysical  Journal,  32,  64,  1910. 
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Various  observers  in  studying  spectroscopically  the  problem  of 
the  rotation  of  the  sun  have  used  a  device^  which  can  be  easily 
adapted  to  the  present  needs.  Certain  features  of  the  apparatus 
used  by  the  investigators  of  the  flash  spectrum  and  of  the  solar 
rotation  were  combined  in  a  device,  which  may  be  called  a  prism 
micrometer,  shown  in  Figure  i.  This  was  made  up  by  Mr.  Kiing 
in  the  shops  of  the  Physical  Laboratory  of  Northwestern  University. 
The  set  of  prisms  was  loaned  to  Dearborn  Observatory  through 
the  courtesy  of  Professor  H.  D.  Curtis,  of  Allegheny  Observatory. 


D 
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Fig.  I 

Prisms  A  and  B,  Figure  i,  reflect  Hght  from  the  limb  of  the 
sun  respectively  to  prisms  C  and  D,  which  are  mounted  in  fixed 
position  over  the  slit  of  a  spectroscope  S.  Prisms  A  and  B  are  set  at 
approximately  equal  distances  from  the  slit  and  are  separated  by 
a  distance  about  equal  to  the  diameter  of  the  solar  image;  the 
adjustments  are  made  by  means  of  screw  E  and  the  micrometer 
screw  M.  After  the  approximate  adjustment  is  made,  the  screw 
E  is  not  again  touched.  The  carriage  K,  on  which  the  two  prisms 
A  and  B  are  mounted,  can  be  moved  to  follow  the  image  by  means 
of  the  screw  G.  Any  considerable  movement  to  this  screw  will 
lengthen  the  light  path  for  one  limb  and  shorten  that  from  the  other. 
If  the  driving  clock  is  well  rated,  this  maladjustment  of  focus  should 
not  be  serious.  The  plate  H  is  to  shield  the  apparatus  from  the 
sun's  heat. 

'  W.  S.  Adams,  Carnegie  Institution  of  Washington,  Publication  No.  138,  3,  191 1; 
Schlesinger,  Allegheny  Observatory  Publications,  3,  103,  1914. 
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In  determining  the  thickness  of  the  strata  of  vapors  of  the 
reversing  layer,  the  process  of  measurement  is  to  bring  the  sun 
central  on  the  shield  H;  by  means  of  the  screw  G  the  carriage  is 
moved  until  the  chromospheric  spectrum  from  A  is  visible  in  the 
spectroscope;  holding  this  with  the  screw  G,  prism  B  is  moved  by 
thfe  micrometer  screw  M  until  the  same  spectrum  from  B  is  also 
seen.  The  setting  of  M  is  read  for  the  smallest  distance  between 
A  and  B  where  these  spectra  from  both  limbs  are  visible.  Prisms 
A  and  B  are  then  separated  by  M,  always  adjusting  with  G,  until 
the  maximum  diameter  for  simultaneous  visibihty  of  the  spectrum 
from  both  limbs  is  reached.  At  this  point  M  is  again  read.  The 
difference  of  these  two  readings  of  M,  with  perhaps  some  correction 
dependent  on  slit  width,  will  give  the  double  depth  of  the  reversing 
layer  for  the  particular  line  under  observation. 

Professor  Frost  offered  the  faciUties  of  the  Yerkes  Observatory 
for  carrying  out  this  investigation.  Inasmuch  as  the  advantages 
of  the  large  solar  image  given  by  the  40-inch  refractor  are  obvious, 
his  offer  was  accepted  and  the  observing  has  been  carried  on  there. 
The  prism  micrometer  was  mounted  before  the  sht  of  the  auto- 
collimating  stellar  spectroscope  of  that  Obser^^atory.  This  spectro- 
scope has  a  lens  of  30  inches  focal  length.  The  dispersion  piece  is  a 
Michelson  grating,  which  was  used  in  the  first  order.  The  apparatus 
was  assembled  in  the  early  days  of  September.  The  adjustments 
offered  some  difficulty  and  even  when  these  were  completed  it  was 
found  that  the  operation  of  the  instrument  was  quite  inconvenient. 
The  observations  were  made  during  two  visits  to  the  Yerkes 
Observatory,  in  the  middle  and  end  of  September.  On  neither 
occasion  was  the  sky  favorable;  observations  were  made  in  inter- 
vals between  clouds  or  through  thin  clouds  or  haze.  It  was  found 
possible,  however,  to  measure  the  depth  of  the  reversing  layer  for 
the  hydrogen  line  Ha  and  for  the  hehum  line  D3.  The  results  are 
collected  in  Table  I. 

All  of  the  measures  were  made  in  the  north  and  south  direction. 
The  slit  of  the  spectrograph  was  set  at  widths  between  0.05  mm 
and  0.08  mm.  The  aperture  of  the  telescope  was  reduced  to  about 
20  inches. 

It  is  seen  that  the  results  have  a  fairly  large  range.  The  smaller 
values,  in  general,  were  obtained  when  the  sky  was  thick  and  the 
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sky  spectrum,  therefore,  very  bright.  Under  such  circumstances, 
the  bright  Kne  of  the  reversing  layer  is  lost  at  no  very  great  distance 
from  the  limb,  on  account  of  the  diminished  contrast.  Under 
uniform  conditions,  the  results  seem  to  be  fairly  accordant.  It  is 
a  safe  estimate  that  under  good  atmospheric  conditions,  high 
transparency  and  steadiness,  the  Ha  Hne  could  be  observed  con- 
sistently at  depths  of  10"  and  D3  fully  8".     The  chromospheric 

TABLE  I 

Measured  Thickness  of  the  Reversing  Layer 


1922 

Line 

Double 
Depth 

Single 
Depth 

Remarks 

Sept.  15 

Ha 

R 

41 

8*5 

Through  breaks  in  clouds.     With  Dr.  Lee 

4 

5 

9 

3 

Through  breaks  in  clouds 

4 

6 

9 

5 

Through  breaks  in  clouds.     With  Dr.  Lee 

4 

2 

8 

7 

Through  breaks  in  clouds 

4 

7 

9 

7 

Through  breaks  in  clouds 

4 

5 

9 

3 

Through  breaks  in  clouds 

Sept.  16 

5 

2 

10 

8 

Sept.  17 

5 

2 

10 

8 

4 

7 

9 

7 

Clouds  at  end 

Sept.  30 

4 

6 

9 

5 

Hazy 

4 

5 

9 

3 

Haz}' 

4 

6 

9 

5 

Hazy 

Oct.      I 

4 

4 

9 

I 

Very  hazy 

4 

7 

9 

7 

With  Professor  Barnard 

Sept.  15 

1)3 

2 

8 

5 

8 

Thin  clouds 

2 

5 

5 

2 

Thin  clouds 

Sept.  16 

4 

I 

8 

5 

Fairly  transparent.     Cloud  intervals 

3 

9 

8 

I 

Fairly  transparent.     Cloud  intervals 

Sept.  30 

2 

5 

5 

2 

Very  thick,  high  cirrus  clouds 

Oct.      I 

3 

0 

6 

3 

Thick 

3 

2 

6 

6 

Thick 

reversals  for  certain  other  lines  of  the  spectrum  were  also  seen, 
but  under  the  unfavorable  conditions  of  the  sky  it  seemed  useless 
to  try  to  use  them  for  measurement.  The  results  which  are  tabu- 
lated above  must  be  considered  as  of  preHminary  character.  It  is 
hoped  to  extend  the  series  of  observations  at  a  later  date. 

I  wish  to  acknowledge  with  thanks  the  assistance  given  in  this 
investigation  by  Professors  Curtis,  Frost,  and  Crew. 

Dearborn  Observatory 
October  9,  1922 


DISPERSION  OF  LIGHT  BY  AN  ELECTRON  GAS 

By  LEIGH  PAGE 

ABSTRACT 

Electro-magnelic  theory  of  the  dispersion  of  an  electron  gas  is  deduced.  The  phase 
velocity  in  such  a  gas  is  found  to  be  a  function  of  the  wave-length  slightly  greater  than 
the  velocity  of  light  in  a  vacuum.  From  Shapley's  estimate  of  a  difference  between 
the  velocities  of  blue  and  yellow  light  not  greater  than  o.i  meter  per  sec,  an  upper 
limit  to  the  number  of  electrons  per  cc  in  interplanetary  space  can  be  computed.  This 
number  is  3(10)"  for  electrons  or  5(10)'-'  for  protons.  The  expressions  obtained  for 
the  electric  and  magnetic  vectors  are  checked  both  by  the  law  of  conservation  of 
momentum  and  that  of  energj'. 

From  the  agreement  in  phase  of  the  blue  and  yellow  light  curves 
of  distant  stars  Shapley'  has  drawn  the  conclusion  that  the  velocity 
of  blue  light  through  space  cannot  differ  from  that  of  yellow  light 
by  as  much  as  one-tenth  of  a  meter  per  second.  While  it  is  not 
likely  that  any  considerable  amount  of  matter  in  the  atomic  or 
molecular  state  is  present  in  interstellar  space,  it  may  well  happen 
that  certain  regions  are  traversed  by  swarms  of  electrons  or  protons. 
Hence  it  seems  of  interest  to  investigate  whether  the  laws  of  electro- 
magnetism  lead  to  dispersion  of  light  passing  through  an  electron 
gas.  For  the  sake  of  simplicity  the  electron  gas  will  be  supposed 
to  be  of  uniform  density,  and  the  light  will  be  assumed  to  be  plane 
polarized.  In  connection  with  the  exjDonentials  employed,  the 
real  part  alone  will  be  understood  to  be  taken.  The  electro- 
magnetic quantities  are  expressed  in  Heaviside-Lorentz  rational  units. 

Consider  a  train  of  plane  waves  traveling  in  the  A^  direction. 

Let  the  electric  vector  have  the  Y  direction.     Then,  at  any  one 

point, 

F  =  F  <>-»"' 

Suppose  an  electron  to  be  present  at  this  point.  If  v  denotes 
the  velocity  of  the  electron  in  the  Y  direction  due  to  the  alternating 
electric  field  of  the  wave,  the  equation  of  motion  of  the  electron 
is 

dp    '^    dt  °         ' 

^Bulletin  Harvard  Coll.  Observatory,  No.  763,  Jan.  1922. 
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where 

e  dirc^ 

m  and  e  designating  the  mass  and  charge  respectively. 
Hence,  as  No:  is  small  compared  to  M, 

where 

5=tan-^^rp. 
M 

If  n  denotes  the  number  of  electrons  per  unit  volume,  the  density 
of  charge  p  is  equal  to  ne,  and 

Now,  the  equations  of  the  electromagnetic  field  are 
V-£=P,  (2)  V'H=o,  (4) 

VX£=-Jff,  (3)  vXff=J(i+pi;).  (5) 

Substituting  in  (5)  the  value  of  pv  given  by  (i),  this  equation 
becomes 

Eliminating  H  by  the  usual  method,  taking  note  of  the  fact 
that  p  is  constant  and  hence 

W£^=Vp=o, 

it  is  found  that 

r.     I  /        we        .A  •  • 
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and  an  exactly  similar  equation  in  H  is  obtained  by  eUminating  E. 
These  are  the  equations  of  a  wave  traveling  with  wave  slowness 

c     i/        ne     _ 
c  \      Mco^ 

Put  the  complex  wave  slowness  equal  to  S'-{-iS" ,  where  S'  and 

tic 
S"  are  real.     Then,  provided  t^  is  small  compared  to  unity, 


I 


S' 


(6) 

2WC0 

is  the  velocity  of  propagation,  and 

is  the  coefficient  of  absorption. 

Equation  (6)  shows  that  the  phase  velocity  is  greater  than  the 
velocity  of  Hght  in  vacuo  in  much  the  same  manner  as  in  the  case 
of  a  dielectric  in  the  region  of  anomalous  dispersion.  Written  in 
terms  of  wave-length  this  equation  has  the  form 

If  now,  qs  represents  the  velocity  of  blue  light,  and  Qy  that  of 
yellow  light, 

Taking  o.i  meter /sec.  as  the  greatest  allowable  value  of  the 
difference  of  the  two  velocities,  an  upper  limit  to  the  number  n  of 
electrons  per  cubic  centimeter  may  be  calculated.  This  number  is 
3(10)"  per  cubic  centimeter  for  electrons,  and  5(10)'''  for  protons, 
the  latter  having  a  smaller  dispersive  effect  on  account  of  their 
greater  mass. 
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The  electric  and  magnetic  field  strengths  in  the  wave  are 

and 
where 


€  =  tan-'-^. 

These  expressions  may  be  checked  by  both  the  law  of  conserva- 
tion of  momentum  and  that  of  energy.  Consider  a  layer  of  the 
electron  gas  of  unit  cross  section  at  right  angles  to  the  direction 
of  propagation  of  the  light  and  of  thickness  dx.  The  loss  in  momen- 
tum of  the  radiation  passing  through  this  layer  in  a  unit  time  is 

^AB-^ABii-2o}S"8x) 


2^  cM- 


=  hA'-^Tz8x. 


Dividing  this  by  the  number  n8x  of  electrons  in  the  layer,  the 
loss  in  momentum  per  unit  time  per  electron  is 

But  this  is  just  the  radiation  pressure  on  an  electron.^ 
The  energy  lost  by  the  waves  which  pass  through  this  layer  in  a 
unit  time  is 

^-AB-'^-AB{i-2o}S"bx) 
2  2 

or,  dividing  by  the  number  of  electrons,  the  energy  lost  to  each 
electron  is 

'  Leigh  Page,  Astrophysical  Journal,  52,  67,  1920. 
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Now,  the  energy  radiated  away  by  each  electron  in  the  course 
of  its  oscillations  under  the  influence  of  the  electric  field  in  the 
wave  is 

6Trc\di, 


=  \AH^. 


per  unit  time. 

The  energy  transferred  to  the  electrons  through  the  agency  of 
Hght  pressure  is  of  a  smaller  order  of  magnitude  and  does  not 
appear  on  account  of  the  approximations  made. 

Sloane  Physics  Laboratory 

Yale  University 
February  1923 


ON  THE  SPECTRUM  OF  NEUTRAL  HELIUM 

By  C.  V.  RAMAN  and  A.  S.  GANESAN 

ABSTRACT 

Silberstein's  formula  for  the  lines  of  neutral  helium. — As  objections  to  the  validity 

of  the  formula  1^=4^^  i  — y\ — ^1  it  is  pointed  out  that  the  ionizing  potential 

computed  by  means  of  this  formula  does  not  agree  with  that  given  by  experiments; 
that  no  definite  principle  of  selection  has  been  given  to  indicate  observable  lines;  that 
there  is  no  arrangement  of  lines  as  regards  series  relationship,  division  into  singlet  and 
doublet  systems,  or  of  intensities.  The  dLEference  between  the  actual  and  the  cal- 
culated frequencies  is  shown  to  be  the  same  as  that  to  be  expected  on  the  assumption 
that  the  coincidences  are  purely  accidental;  and  the  same  frequencies  can  be  obtained 
with  different  sets  of  numbers. 

In  his  paper  on  this  subject  contributed  to  the  September  number 
of  the  Astrophysical  Journal  (56,  119,  1922),  Dr.  Silberstein  has 
suggested  a  formula  for  the  explanation  of  the  spectrum  of  neutral 
helium.     This  formula  may  be  written  as  follows: 


where  Wi,  W2,  Wj,  W2  are  four  independent  integers  such  that  mi>ni 
and  m2>n2.  "This  formula  amounts,  obviously,  to  putting 
v  =  Vi-\-v2  where  Vi  and  v^  are  frequencies  of  any  two  lines  of 
ionized  helium,  observ^ed  or  only  theoretical.  This  would  then  be  a 
new  kind  of  combination  principle,  the  sum  of  the  frequencies 
belonging  to  one  atomic  system  (ionized  hehum)  giving  the  fre- 
quency for  another  system  (neutral  hehum)."  With  this  formula 
Dr.  Silberstein  has  succeeded  in  explaining  84  of  the  total  in 
observed  lines  of  the  hehum  spectrum,  to  a  very  close  approx- 
imation. 

Now,  the  question  is  whether  the  formula  has  any  physical 
basis  or  significance.  Silberstein  derives  it  on  the  assumption  that 
"the  mutual  perturbation  of  the  two  electrons  is  practically  nil  or 
neghgible,"  and  in  support  of  this  says  that  "as  a  matter  of  fact 
we  have  no  good  evidence  that  the  electrons,  especially  as  trabants 
of  the  nucleus  within  the  atom,  do  act  upon  each  other  at  all,  and 
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some  bold  modern  physicist,  encouraged  by  the  recognized  prohibi- 
tion to  radiate,  might  deny  the  electrons  the  right  to  interact  while 
they  are  busy  obeying  the  orders  of  the  central  body  driving  them 
around  on  stationary  orbits." 

But  there  are  some  very  weighty  objections  against  the  formula 
and  the  results  derived  therefrom. 

The  ionization  potential  as  calculated  with  this  formula  is 
quite  different  from  that  which  is  actually  observed.  The  ioniza- 
tion potential  is  the  work  per  unit  charge  required  in  moving  an 
electron  out  of  the  influence  of  the  atom.  On  the  assumption 
that  the  two  electrons  do  not  act  on  each  other,  the  ionization 
potential  would  obviously  be 

8102  ^^ 

But  actually  it  is  known  that  to  doubly  ionize  the  helium  atom  about 
80  volts  are  necessary. 

The  formula,  as  it  stands,  represents  a  very  large  number  of 
lines  and  there  is  absolutely  no  principle  of  selection  followed  which 
prima  facie  indicates  the  lines  to  be  chosen  and  those  to  be  rejected. 
As  a  matter  of  fact,  the  selection  actually  made  appears  to  be  more 
or  less  haphazard,  the  only  aim  being  to  choose  such  numbers  as 
happen  to  give  values  coinciding  most  closely  with  the  observed 
values.  The  want  of  a  definite  principle  of  selection  is  a  strong 
objection  against  accepting  the  proposed  formula  as  having  any 
physical  significance. 

Again,  as  is  well  known,  the  observed  lines  of  the  heHum  spec- 
trum fall  into  certain  definite  series  which  Silberstein  dismisses  as 
empirical,  but  which  nevertheless  have  a  definite  physical  meaning. 
Thus  in  each  series  as  we  pass  from  the  less  to  the  more  refrangible 
part  of  the  spectrum  the  lines  become  more  and  more  crowded, 
grow  fainter  and  fainter,  and  tend  to  converge  to  a  definite  Kmit. 
But  Silberstein's  formula  shows  no  arrangement  either  with  refer- 
ence to  series  relationships  or  with  reference  to  singlet  and  doublet 
systems  of  lines. 

Nor  does  it  suggest  any  arrangement  with  regard  to  the  intensity 
of  the  lifies.     Bohr's  theory,  which  has  successfully  explained  the 
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spectra  of  hydrogen  and  ionized  helium,  suggests  that  the  proba- 
bihty  of  electrons  remaining  in  distant  orbits  is  very  small  and  that 
more  electrons  are  to  be  found  in  orbits  closer  to  the  nucleus.  And 
from  the  analogy  with  the  spectra  of  hydrogen  and  ionized  heHum, 
we  should  expect  that  more  intense  lines  are  obtained  by  using  com- 
paratively smaller  quantum  numbers  than  for  the  less  intense  ones. 
In  Silberstein's  table  of  values  some  of  the  first  lines  of  great  intensi- 
ties are  not  to  be  seen  at  all  (probably  no  combination  within  the 
Hmits  prescribed  for  m  and  n  gives  them),  and  of  the  rest,  more 
frequently  than  not,  the  more  intense  Hnes  are  (obtained  by  larger 
quantum  numbers  than  the  less  intense  ones.     Table  I  gives  some 

examples. 

TABLE  I 


Observed 

V 

9231.86! 

9230-83/ 

25708.63 

31361-12 

33944-75 •-- 

37537- S 

37798-22 

41150 

21211.35 

27374-48 

4857-34 

22528.65 


Intensity 


200  (P.d.) 
10      « 

8      « 
6      « 


5  (S.d.) 
3      " 
I      " 
20  (S.s.) 


Quantum  Numbers,  and 
Calculated  v 


Not  included 
Not  included 


(ff) 

(i-f) 

(r?) 


31358. 


33950- 


37536. 


37794. 


Not  included 


(ry) 
(M) 

a-y) 


21205.5 


27377. 


4856.7 


22527.4 


Many  of  the  hnes  can  be  obtained  by  numbers  other  than  those 
chosen  by   Silberstein    (confined,   of   course,   between    his    limits 
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m>$2  and  n>g),  and  in  some  cases  these  agree  more  closely  with 
the  observed  values  than  those  given  by  Silberstein.  Thus  to 
give  a  few  examples: 

TABLE  II 


The  average  difference  between  the  actual  frequencies  of  the 
helium  lines  and  the  values  nearest  to  them  given  by  Silberstein's 
formula  is  exactly  what  we  should  expect  from  the  simple  theory  of 
probability  on  assuming  the  coincidences  to  be  fortuitous.  Thus  for 
instance,  if  w>32  and  n>g,  the  total  number  of  lines  obtained 
with  SUberstein's  formula,  lying  between  j/  =  28000  and  ?'  =  29000, 
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is  found  to  be  161.  If  these  lines  were  evenly  distributed  between 
these  limits,  the  interval  between  successive  lines  would  be  Wr-  =  6.1 
and  the  maximum  difference  of  any  value  of  v  between  28000  and 
29000,  chosen  at  random,  and  the  nearest  number  in  the  list  would 
be  3.0.  The  minimum  error  being  o,  the  average  error  would  be 
1.5.  Taking  the  19  observed  lines  of  helium  between  these  Hmits 
and  finding  for  each  the  nearest  number  from  the  list,  the  average 
actual  error  is  found  to  be  2.6;  that  is,  actually  greater  than  the 
number  indicated  on  the  assumption  that  the  coincidences  are  purely 
fortuitous.  This  is  what  we  should  expect;  for,  owing  to  the  non- 
even  distribution  of  the  numbers,  there  are  certain  gaps  with  differ- 
ences of  about  20  to  25,  and  some  3  of  the  19  lines  falling  in  these 
gaps  eventually  increase  the  average  error.  From  Silberstein's 
table  the  average  error  for  the  15  lines  which  he  has  given  between 
these  limits  is  about  3.5.  This  is  due  to  the  fact  that  there  are 
combinations  other  than  Silberstein's  that  are  nearer  the  observed 
values. 

These  facts  clearly  show  that  coincidences  between  the  actual 
frequencies  and  those  given  by  Silberstein's  formula  must  all  be 
regarded  as  purely  fortuitous  and  having  no  physical  significance 
whatever. 

University  College  of  Science 
Calcutta,  India 


ON  THE  SPECTRUM  OF  HELIUM,  A  REJOINDER 
TO  C.  V.  RAMAN  AND  A.  S.  GANESAN 

By  LUDWIK  SILBERSTEIN   . 

ABSTRACT 

Consideration  of  objections  to  the  Silberstein  formula  for  the  spectrum  of  neutral 
helium,  (i)  The  author  disclaims  ignoring  the  fact  that  the  observed  lines  fall  into 
certain  definite  series,  and  points  out  that  the  formula  covers  twenty-three  of  the 
thirty  so-called  combination  lines.  (2)  A  discussion  of  the  ionization  potential  was 
purposely  omitted  from  his  original  paper  since  the  mutual  relation  of  the  electrons  in 
the  normal  state  of  the  atom  is  stiU  an  open  question.  He  has  preferred  to  deal  with 
it  in  a  separate  paper.  (3)  In  order  to  show  that  the  coincidences  of  lines  are  not 
fortuitous  he  computes  that  for  3  ^ »  ^  8  and  4  ^  »j  ^  20  the  theoretical  number  of 
lines  in  the  interval  19,800^1' ^3 7,800  is  631.  Of  these,  44  coincide  with  observed 
lines,  of  which  there  are  96  in  this  interval.  The  probability  that  these  coincidences 
are  accidental  is  of  the  order  lo-'^. 

The  substance  of  the  objections  raised  against  the  spectrum 
formula 

v=^N(-+- , -A=aN[ (l) 

\n\    nl    vi\    mil  \n,     n^J 

by  Raman  and  Ganesan  in  this  issue  of  the  Astro  physical  Journal 
has  already  been  given  in  Professor  Raman's  letter  published  in 
Nature  of  November  25  (no,  700,  1922),  to  which  I  rephed  at  some 
length  in  Nature  of  January  13  (in,  46,  1923).  The  full  paper, 
moreover,  upon  which  the  last  said  letter  was  based,  was  read  at 
the  Boston  meeting  of  the  American  Physical  Society  and  is  now  in 
the  course  of  publication  in  the  Philosophical  Magazine.  It  con- 
tains all  numerical  details  relevant  to  the  question.  Under  these 
circumstances  it  will  be  enough  to  make  here  but  a  few  concise 
remarks,  the  more  so,  as  my  reply  in  Nature  could  not  possibly 
have  reached  Calcutta  before  Raman  and  Ganesan  wrote  their  note 
which  arrived  at  Chicago  in  the  middle  of  January. 

In  the  first  place  then  I  have  never  "dismissed  as  empirical" 
the  fact  that  the  observed  lines  "fall  into  certain  definite  series." 
On  the  contrary,  I  have  emphatically  expressed  the  regret  for 
seeing  the  series  lacerated  through  the  proposed  representation. 
At  the  same  time,  however,  I  drew  attention  to  some  regularities. 
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I  should  like  to  add  that  with  the  thirty  so-called  ''combination 
Hnes,"  of  which  my  formula  covers  twenty- three,  no  such  claims 
or  objections  can  be  associated.  ^Many  of  these  lines  can  scarcely 
be  said  to  be  represented  at  all  by  the  empirical  ''combinations," 
eight  of  these  showing  deviations  of  2  to  3  and  one  even  of  7.2  A 
(cf.  Fowler's  Report,  p.  94),  whereas  they  are  covered  by  my  formula 
with  particular  ease,  as  for  instance  the  three  C.d.  lines,  all  repre- 
sented by  (^^^V 

With  regard  to  the  ionization  potential  of  the  (normal)  heHum 
atom,  I  have  purposely  abstained  from  dealing  with  it,  since  there 
was  no  occasion  of  descending  to  one-quantic  orbits,  the  majority 
of  my  cases  concerning  ^^4.  Essentially  relevant  for  the  ioniza- 
tion work  is  the  behavior  of  the  intra-atomic  electrons  within  the 
region  of  the  few  first  quantum  numbers,  so  that  the  actual  apphca- 
tions  made  of  my  formula  do  not  by  any  means  exclude  a  treatment 
of  the  ionization  problem  based  on  appropriate  electronic  inter- 
action. The  configuration  of  the  electrons  in  the  normal  heHum 
atom,  even  on  Coulomb  Hnes,  is  still  an  open  question  (and  a  very 
hard  one),  and  may  here  be  left  alone.  I  deal  with  it  in  another 
paper  which,  however,  has  nothing  in  common  with  the  present 
discussion.  In  other  words,  a  formula  may  be  successful  in  the 
region  v  =  17,000  to  38,000,  without  pretending  to  cover  the  extreme 
ultra-\dolet  Lyman  series,  of  which  X  504  or  506  A  (the  equivalent 
of  the  ionization  potential  of  24.5  volts)  is  the  Hmit. 

The  most  crushing  contention  of  the  opponents  of  my  formula, 
however,  and  the  easiest  to  repel,  seems  to  be,  that  the  coincidences 
given  by  it  "must  all  be  regarded  as  purely  fortuitous"  and  there- 
fore as  "having  no  physical  significance  whatever."  The  latter 
verdict  of  Raman  and  Ganesan  had  better  be  left  alone,  as  it 
would  scarcely  be  feasible  to  discuss  here  the  subtle  concept  of 
"physical  significance"  and  the  stiU  harder  question,  whether  a 
given  set  of  conceptual  results  does  or  does  not  possess  it.  It  is 
enough  to  repel  the  imputation  of  fortuitousness,  and  since  this  has 
been  most  particularly  dealt  with  in  the  aforesaid  letter  and  paper, 
it  will  suffice  to  point  out  the  reason  for  the  discrepancy  of  opinion 
held  in  this  respect  by  the  writer  and  by  his  two  opponents.     Raman 
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and  Ganesan  obtain  with  my  formula  such  large  numbers  of  theo- 
retical lines  (as  161  between  i'  =  28,000  and  29,000)  and  thence  also 
such  a  high  estimate  of  the  probability  of  chance  coincidences, 
because  they  insist,  very  unjustly,  upon  pushing  m  as  high  as  32 
(and  n  up  to  9),  although  such  high  numbers  were  purposely 
avoided,  the  table  in  my  first  paper  containing  "32"  only  once, 
and  "31"  not  at  all.  The  significant  fact,  and  one  that  speaks 
very  strongly  in  favor  of  the  proposed  formula,  is  that  if  we  limit 
the  quantum  numbers  to  the  intervals 

3^w^8        and        4^w^20,  (2) 

the  number  of  theoretical  lines  is  cut  down  very  considerably  and 
yet  a  large  number  of  good  coincidences  still  remains.  One  such 
example  is  mentioned,  and  estimated  for  its  probabihty,  in  Nature 
of  January  13.  Another,  still  more  convincing  example  (sacrificing 
only  one  out  of  45  lines)  is  this: 

The  number  of  distinct  theoretical  lines  satisfying   the  con- 
ditions (2)  and  falKng  within  the  interv^al 

1^=19,800  to  37,800  (3) 

is  631  only.  Of  these  as  many  as  44  coincide  with  observed  lines, 
whose  total  in  the  interval  (3)  is  96.  The  mean  deviation  is 
|gj/|  =  2.57.  Now,  a  straightforward  computation  will  show  that 
the  probability  of  such  an  event  considered  as  a  fortuitous  set  of 
coincidences  is,  in  round  figures, 

P4,=  1-9(7),  (4) 

where  6  is  the  error-function.  This  formula  speaks  for  itself. 
In  fact,  for  ^  =  4.80,  the  largest  argument  one  has  ever  encountered 
in  error-function  tables,  i— 0(a-)  is  just  of  the  order  io~".  For 
jt;  =  5.3o  it  is  about  20  times  smaller,  and  for  x  =  7,  as  in  our  case, 
it  is  well  below  io~'^.  In  fine,  the  ''fortuitous"  hitting  of  these  44 
lines  under  the  said  circumstances  is  as  improbable  as  making  forty 
"heads"  in  succession  in  tossing  a  com. 

Rochester,  N.  Y. 
March  31,  1923 


SPECTROSCOPIC    OBSERVATIONS     OF    BOTH     COMPO- 
NENTS OF  THE  VARIABLE  DOUBLE  STAR 
X  OPHIUCHI^ 

By  PAUL  W.  MERRILL 

ABSTRACT 

Spectra  and  magniludes  of  both  components  of  X  Ophiuchi. — This  double  star  of 
separation  o'f22  consists  of  a  typical  long-period  variable  of  class  M6e  of  apparent 
mag.  6.8  to  about  12,  and  a  star  of  class  Koof  mag.  8.9.  The  former  can  be  observed 
spectroscopically  at  maximum,  the  latter  at  minimum.  Twenty  spectrograms  have 
been  secured  of  which  sbc  show  the  K-type  spectriun.  The  absolute  magnitude  of 
the  K-type  star  as  determined  from  these  spectrograms  by  Mr.  Adams  is  2.4;  from  this 
it  follows  that  the  absolute  magnitude  of  the  variable  at  maximum  is  0.3. 

Radial  velocity  of  both  components. — The  radial  velocities  derived  from  the  dark 
lines  of  the  M-  and  K-type  components  are  —  70.6  and  —  70.8  km,  respectively,  while 
the  bright  lines  of  the  M  star  yield  a  mean  value  of  —83.4  km.  It  is  probable  that 
the  displacements  of  the  dark  lines  of  the  variable  and  of  Me  stars  in  general  give 
essentially  the  star's  radial  velocity.  Near  maximum  the  wave-lengths  of  the  bright 
lines  are  shortened  by  about  0.2  A,  by  motions  within  the  star  or  by  other  causes, 
and  for  several  weeks  after  maximmn  are  algebraically  smaller  than  at  other  times. 
This  effect  is  probably  typical  of  variables  of  class  Me. 

X  Ophiuchi  presents  the  only  known  instance  in  which  a  long- 
period  variable  is  one  component  of  a  visual  double  star.  The 
duplicity  of  this  star  was  discovered  by  Hussey^  in  1900.  His 
observations  of  position  angle  and  distance  were  195^2  and  ©''22, 
respectively.  Remeasurement  by  Van  Biesbroeck^  twenty  years 
later  showed  the  position  angle  to  have  decreased  by  24°,  the  separa- 
tion being  the  same.  He  decided  that  the  northern  component  is 
the  variable,  and  Gingrich''  has  confirmed  this  by  his  measurements 
of   parallax   photographs. 

It  will  obviously  be  many  years  before  the  orbital  elements  are 
accurately  known,  but  as  a  first  approximation  we  may  assume  a 
circular  orbit  whose  plane  is  perpendicular  to  the  line  of  sight.  The 
radius  of  the  relative  orbit  would  then  be  ©''22,  and  the  period  300 
years.  Using  the  spectroscopic  parallax,^  ©''005,  determined  by  Mr. 
Adams  (see  p.  252),  the  distance  between  the  stars  is  calculated  to 
be  forty-four  astronomical  units,  and  the  combined  mass  0.95  that 

^  Contributions  from  the  Mount  Wilson  Observatory,  No.  261. 
^Astronomical  Journal,  21,  35,  1900.  ^  Popidar  Astronomy,  29,  278,  1921. 

'^  Mt.  Wilson  Contr.,  No.  238;   Astrophysical  Journal,  56,  132,  1922. 
5  Measurement  of  the  trigonometric  parallax  by  Van  Maanen  yielded  the  value 
o''ooo.    Publications  Astronomical  Society  of  the  Pacific,  33,  319,  192 1. 
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of  the  sun.  If  each  of  the  stars  has  one-half  of  the  combined  mass, 
the  orbital  speed  of  each  with  respect  to  the  center  of  mass  is  2.2 
km.     These  values  are,  of  course,  subject  to  large  corrections. 

The  period  of  the  light  variations  is  337  days,  which  is  about 
the  average  for  long-period  variables.  The  mean  range  in  bright- 
ness is,  however,  only  2.1  mag.,  which  is  considerably  less  than  usual 
for  variables  of  this  type;  but  this  refers  to  the  combined  magnitude 
of  the  two  components.  The  range  of  the  variable  component  is 
considerably  greater,  probably  about  5  magnitudes.  The  spectrum 
at  maximum  is  class  M6e,  but  at  minimum  this  spectrum  is  over- 
powered by  that  of  the  southern  component,  which  is  of  class  Ko. 
Six  spectrograms  (see  Table  II),  taken  near  minimum,  show  the  Ko 
spectrum  fairly  free  from  interference  by  that  of  the  variable  star. 
From  these  Mr.  Adams  has  had  the  kindness  to  determine  the  abso- 
lute magnitude,  finding  it  to  be  -f2.4.  The  apparent  magnitude  is 
8.9,  and  the  spectroscopic  parallax  ©''005.  The  available  photometric 
data  may  be  combined  to  yield  the  results  indicated  in  Table  I. 

TABLE  I 
Magnitxides  of  the  Components  of  X  Ophiuchi 


Maximum 

Minimum 

Component 

Vis. 

Ph. 

Abs.  Vis. 

Vis. 

Ph. 

Abs.  Vis. 

Combined 

6.7 
6.8 
8.9 

8.3 
8.6 
9.9 

0.2 
0-3 
2.4 

8.8 
12 
8.9 

9.9 
14 
9.9 

2-3 

6 

Northern 

Southern 

2.4 

Thus  it  happens  that  at  maximum  the  K-type  component  con- 
tributes only  one-tenth  of  a  magnitude  to  the  combined  light,  while 
at  minimum  it  preponderates  so  strongly  that  this  relationship  is 
reversed  and  the  variable  contributes  only  about  the  same  proportion. 
When  the  combined  magnitude  is  brighter  than  7.5,  the  M-type 
spectrum  is  recorded  in  the  H7  region  with  very  little  interference 
from  the  other  component.  On  the  other  hand,  when  the  combined 
light  is  fainter  than  8.0  mag.,  the  K-type  spectrum  appears  quite 
pure  in  this  region,  although  near  HjS  the  bands  of  the  M-type  star 
show  plainly  until  magnitude  8.6  or  8.8  is  reached.  Assuming  color 
indices  of  i.o  and  1.8  mag.'  for  the  K-  and  M-type  stars,  respec- 

'  A  mean  value  used  by  the  Harvard  College  Observatory  for  Me  variables.  It 
may  vary  during  the  light-cycle. 
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tively,  as  in  Table  I,  we  find  that  at  combined  magnitude  7.5  the 
M-type  star  is  i.i  mag.  brighter  visually,  and  0.3  mag.  photograph- 
ically than  the  K-type  component;  when  the  combined  magnitude 
is  8.0,  the  a\I-star  is  0.3  brighter  visually  and  0.5  fainter  photograph- 
ically than  the  other.  Thus  it  appears  that  the  spectrum  of  either 
star  may  be  obtained  practically  pure,  if  it  is  a  half-magnitude 
brighter  photographically,  than  the  other. 

This  star  offers  a  unique  opportunity  to  derive  a  value  of  the 
absolute  magnitude  of  a  long-period  variable  by  a  direct  method, 
through  comparison  with  the  K-t>-pe  component  whose  absolute 
magnitude  can  be  determined  spectroscopically  in  the  usual  way. 
The  distances  of  these  variables  are,  in  general,  so  great  that  trigono- 
metric parallaxes  can  scarcely  be  used  except  in  a  statistical  manner. 
The  high  absolute  magnitude,  0.3  at  maximum,  found  for  the 
variable  component  of  X  Ophiuchi,  is  close  to  the  mean  value  for 
giant  M  stars;  and  since  the  variable  component  appears  to  be  a 
typical  long-period  variable,  the  presumption  is  that  long-period 
variables  in  general  are  giant  stars.  This  is  borne  out  by  the 
fact  that  the  mean  absolute  magnitude  of  these  stars  derived  by 
several  statistical  investigations  is  about  the  same  as  that  found 
for  X  Ophiuchi.  Discussions  of  the  causes  of  variability  and  of 
the  evolutionary  relationships  of  these  stars  must  take  into  account 
their  high  luminosity  at  maximum. 

Observations  at  the  Harvard  College  Observatory,^  at  Ann 
Arbor,^  and  at  Mount  Wilson  have  shown  the  spectrum  to  be  of 
class  M  at  maximum.  In  the  spectral  classes  Mo-Mio,  which 
are  to  replace  the  subdivisions  ]\Ia-]Mc,-'  the  class  of  X  Ophiuchi 
would  be  M6e.  Photographs  of  the  spectrum  have  been  secured 
here  at  times  fairly  well  distributed  over  the  Hght-curv^e.  The 
spectrum  shows  striking  changes,  aside  from  the  effect  of  the  K-type 
component,  which  correspond  to  those  regularly  exhibited  by  long- 
period  variables."*  Hence  the  northern  component  of  this  double 
star  may  be  regarded  as  a  typical  long-period  variable. 

'Henry  Draper  Catalogue,  Harvard  Annals,  97,  258,  1922. 
'  Publications  of  the  Obseroatory,  University  of  Michigan,  2,  58,  1916. 
J  Transactions  of  the  International  Astronomical  Union,  1,  97,  1922. 
*  Mf.  Wilson  Contr.,  No.  200;   Astrophysical  Journal,  53,  185,  1921. 
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The  ISIount  Wilson  spectrograms  are  listed  in  Table  II.  The 
first  three  columns  give,  respectively,  the  date,  visual  magnitude, 
and  the  number  of  days  before  (  — ),  or  after  (+)  maximum.  I  am 
indebted  to  Mr.  Leon  Campbell,  of  the  Harvard  College  Observa- 
tory, for  the  photometric  data.  The  fourth  and  fifth  columns  give 
the  velocities  derived  from  the  absorption  lines  of  the  ]\I-  and  K- 
type  components,  respectively,  with  the  number  of  lines  on  which 
each  determination  is  based.  The  last  column  gives  the  velocity 
derived  from  the  emission  lines,  and  the  lines  used  on  each  plate. 


TABLE  II 
Radial  Velocities  of  X  Ophiuchi 


Date 

Phase 

\'elocity 

M 

K 

E 

igig    June    g* 

6  6 

—  II 

—  10 

—  S5 

—  30 

—  27 

0 
+  35 
+  36 

+  g4 

+  119 

—  20 

—  20 
+     8 
+  37 
+  87 
+123 
+  143 
+  60 
+116 
+146 

-87.776 

June  lo* 

6 
7 
6 
6 
6 
7 
7 
8 
8 
7 
7 
6 
7 
8 
8 
8 
7 
8 
8 

6 
3 
9 
8 
6 
0 
0 
3 
8 
0 
0 
6 
3 
2 
2 
4 
6 
6 

-84.7  75 

ig20     Apr.     8 

— 6g.s     12 
-68.1     12 
-69.9     34 

—  76.9  75 
-78.675 

May    4* 

May  31 

—83  .2  75     4202 

July     5* 

July     6 

-70.0       7 

Sept.    2 

—69.3     10 

Sept.  27 

—  72.7     10 

-83.575 
-84.6  75 

Apr.  26t 

May  24* 

-70.4     19 
-73-3      24 

Aug.  II 

-72.9     17 
-73-2     18 
-73.7     18 

Sept.  21 

Oct.   II 

ig22     June  14* 

—86.078     4202,4571 

—64.6     14 
—  71.2     13 

(-65.   )         4202,4308,4571 

Sept.    8 

(—82.   )         4308 

Mean 

-70.6 

-70.8 

-83.4 

*  Sixty-inch  telescope. 


t  Three-prism  spectrograph. 


With  a  single  exception  the  plates  were  made  with  one-prism 
spectrographs  attached  to  the  6o-inch  or  the  loo-inch  telescope; 
the  dispersion  at  H7  is  36  A  per  mm.  The  second  plate,  of  April 
26,  192 1,  was  secured  with  a  three-prism  spectrograph  belonging 
to  the  Lowell  Observatory.  This  was  being  used  for  a  special 
investigation  in  connection  with  the  Hooker  telescope  by  Dr.  V. 
M.  Slipher,  and  it  was  through  his  courtesy  that  the  exposure  on 
X  Ophiuchi  was  made.  The  dispersion  at  H7  with  this  instrument 
is  12.5  A  per  mm.  On  this  plate  the  bright  H7  and  H5  Hues  are 
narrow  and  fairly  well  defined,  but  they  are  not  quite  so  sharp  as 
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the  comparison  lines  of  the  iron  arc.  The  measured  velocity  agrees 
with  that  deri\"ed  from  the  one-prism  spectrograms,  and  gi\'es  a 
desirable  check  on  their  accuracy.  ^Measurements  of  the  emission 
lines  on  the  last  two  plates  were  rendered  uncertain  by  the  presence 
of  the  strong  K-typc  spectrum.  The  \'alucs  derived  from  them  were 
not  used  in  forming  the  mean. 

The  discrepancy  of  12.S  km  between  the  apparent  \'elocities 
from  the  bright  and  dark  lines  of  the  ]\I-type  star  corresponds  in 
sign  and  magnitude  to  similar  displacements  observed  in  the  spec- 
trum of  o  Ceti  and  of  many  other  ]\Ie  variables.  It  is  of  great 
interest  to  find  that  the  velocity  from  tlie  K-type  star  is  practically 
identical  with  that  from  the  absorption  lines  of  the  ]\I-type  star. 
Since  the  orbital  speed  is  probably  about  2.2  km  and  the  inclination 
small,  the  relative  radial  velocity  of  the  two  components  must  be 
\ery  nearly  zero.  Hence  we  are  led  to  the  conclusion  that  the 
result  derived  from  the  dark  lines  of  the  ]\I-type  spectrum  represents 
essentially  the  radial  velocity  of  the  star,  and  that  the  bright  lines 
are  displaced  toward  the  violet  by  some  unknown  cause.  It  is 
probably  safe  to  generalize  this  statement  and  make  it  apply  to  all 
variable  stars  of  class  ]\Ie  in  which  the  usual  relative  displacement 
of  bright  and  dark  lines  exists.  Support  is  lent  to  this  assumption 
by  the  fact  that,  in  a  solution  for  solar  motion  based  on  the  radial 
velocities  derived  from  the  bright  lines  of  S3  variables,  the  K-term 
was  found  to  be  — 12  km.' 

The  apparent  velocities  from  the  emission  lines  of  X  Ophiuchi 
are  plotted  against  the  light  phase  in  Figure  i.  The  observations 
extend  in  phase  from  —53  days  to  +11Q  days,  covering  about  one- 
half  of  the  period.  The  velocities  are  not  constant,  but  appear  to 
have  low  values  for  a  month  or  two  after  maximum  light.  Of 
the  Ann  Arbor  spectrograms,  one  taken  in  1914  at  a  phase  of 
+  24  days  gave  a  velocity  of  —91  km,  and  three  others  taken  in 
191 5  gave  a  normal  place  of  —84. 6  km  at  —  6q  days.  Thus  they 
exhibit  the  same  effect  as  the  Mount  Wilson  spectrograms,  altliough 
to  a  lesser  degree.  A  close  quantitative  agreement  is  perhai)s  not 
to  be  expected,  especially  as  the  record  shows  that  the  Ann  Arbor 
velocities  have  rather  low  weight.  In  view  of  the  lack  of  regu- 
larity in  the  light-curve,  it  would  not  be  surprising  if  different  cycles 

'  Popular  Astronomy,  29,  637,  1921. 
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yielded  somewhat  different  velocity  effects.  Three  other  stars, 
namely,  R  Leonis,  x  Cygni,  and  T  Cephei,  seem  to  exhibit  the  same 
effect,  and  fragmentary  observations  indicate  about  the  same  behav- 
ior by  a  half-dozen  other  variables.  It  thus  seems  to  be  typical  of 
Me  variables  that  the  bright  lines  have  slightly  shorter  effective 


„    1       1       i       !       !       !       i       1 

1       i       1 

X                       ! 

^ 

0     j                j 

X 

Q    0 

X. 

X 

0 

1  0 

% 

X 

Fig.  I. — Phase  in  days  counted  from  maximum  light,  and  apparent  velocities 
(km  per  sec.)  derived  from  emission  lines.  X ,  single-prism  spectrograph  attached  to  the 
100-inch  telescope;  O,  single-prism  spectrograph  attached  to  the  60-inch  telescope; 
D,  three-prism  spectrograph  attached  to  the  loo-inch  telescope. 


wave-lengths  during  several  weeks  after  maximum  than  at  other 
times.^  This  is  about  the  time  of  the  maximum  relative  intensity 
of  the  hydrogen  lines.- 

If  the  displacements  of  the  bright  hydrogen  lines  are  due  to  an 
outflow  of  incandescent  hydrogen,  it  follows  that  on  first  coming  into 
view  after  minimum  the  gas  has  a  low  velocity,  and  is  subject  to 
acceleration  while  under  observation,  or  is  replaced  by  other  hydro- 
gen having  a  higher  outward  velocity.  This  would  indicate  the 
existence  of  agencies  acting  during  an  appreciable  fraction  of  the 
light-period,  rather  than  a  sudden  outburst  followed  by  a  gradual 
resumption  of  normal  conditions. 

Mount  Wilson  Observatory 
^larch  1923 

'  Errors  of  measurement  and  the  inclusion,  during  the  declining  phase,  of  other 
bright  lines  than  those  due  to  hydrogen  do  not  seem  adequate  to  explain  the  observed 
effects.     These  questions  will,  however,  be  considered  in  another  contribution. 

'ML  Wilson  Contr.,  No.  200;  Astrophyskal  Journal,  53,  185,  192 1. 
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ABSTR-\CT 

The  energy  formula  for  crossed-orbii  model  of  the  normal  helium  atom. — From  simple 
djTiamical  considerations  it  is  shown  that  the  energy  of  the  model,  with  the  two  orbits 

assurtied  as  rigorously  circular,  is  given  by  the  formula,  £  =  —  7iV^cA     i F  I  -  I      , 

where  /  is  the  mutual  inclination  of  the  planes  of  the  two  orbits  and  F  is  the  complete 
elliptic  integral  of  the  first  kind.  From  this  general  formula  it  is  found  that  for  Bohr's 
model,  in  which  i=i2o°,  the  ionizing  potential  is  24.35  volts,  as  compared  with  24.5 
volts  recently  obtained  by  LATuan.     By  means  of  the  formula  for  the  wave-lengths  of 

the  emitted  radiation,   v  =  X     3 F  i      \      ,  it  is  found  that  the  simple  rational 

values,  —  cosz  =  |,  |,  i,  |,  correspond  to  the  lines,  X,  =  584.4,  X2=537- 1,  ^3  =  522.3,  and 
X4  =  5i5.  7,  of  t}ie  Lyman  series.  The  author  disclaims  any  responsibility  for  the  dynam- 
ical legitimacy  of  the  model.  In  an  appended  note  two  more  lines  are  shown  to  be 
covered  by  —cos  z  =  |  and  yV,  and  a  regularity  of  the  whole  array  of  fractions  is 
pointed  out. 

The  model  of  the  normal  helium  atom  proposed  by  Bohr  in  his 
Fysisk  Forening  lecture'  consists  of  two  electrons  describing  around 
the  nucleus  two  equal  one-quantic  orbits  d^)  which  are  quasi- 
circular  and  whose  planes  are  mutually  inclined  at  i=  120°,  and  are 
themselves  spinning  '"slowly"  around  the  permanent  axis  of  angular 
momentum  of  the  whole  system.     Bohr  states  fp.  33)   that  the 

'  Translated  in  Zeitschrift  fur  Physik,  9,  1-67,  1922. 
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analysis  of  the  said  configuration,  conducted  -^ith  the  aid  of 
Kramers,  requires  a  large  amount  of  computation  which  had 
thus  far  led  to  no  conclusive  results,  although  it  seems  promising 
\Tith  regard  to  a  correct  ionization  potential.  More  than  a  year 
has  now  elapsed  without  any  further  announcements  to  that  effect 
being  pubHshed  by  Bohr  or  Kramers.  In. the  meantime.  J.  H. 
van  Meek  has  announced  in  a  note  to  his  paper^  that  *"  calculation 
has  given  an  ionization  potential  of  20.7  volts."  for  the  aforesaid 
model,  that  is.  Yet.  the  details  of  computation  leading  to  this  dis- 
appointing potential  value  not  being  ver\-  transparent,  one  did  not 
feel  ultimately  c-on\Tnced  as  to  the  fate  of  this  latest  model,  a  suc- 
cessor to  three  or  four  luckless  ones.  Under  these  circumstances 
it  has  seemed  worth  while  to  attempt  an  independent  e\'aluation 
by  a  straightforward  method  which  recently  suggested  itseK.  Its 
pubHcation  in  the  present  paper  seems  the  more  justified,  as  the 
result  arrived  at  was  surprisingly  close  to  L\Taan"s  latest  estimate, 
which,  as  I  am  informed  by  Professor  L\-man.  is  one  volt  lower 
than  that  usually  quoted,  and  amounts  ultimately  to  24.5  volts. 

It  viill  be  expressly  understood,  however,  that  the  dj-namical 
possibility  of  the  model,  as  satisfying  permanently  and  with  suf- 
ficient accuracy  the  equations  of  motion,  will  be  entirely  left  to  the 
judgment  of  others.  In  fine,  the  legitimac}-  of  the  model  itself, 
with  its  sufiiciently  "quasi-circular"  orbits,  being  taken  for  granted, 
I  propose  merely  to  compute  its  energj-  (with  the  usual  Coulomb 
law  of  interaction  between  all  the  three  bodies),  and  thence  the 
required  ionization  potential. 

By  a  well-known  theorem,  due  to  Burgers,  the  average  kinetic 
energ}-  of  the  system  is  equal  to  minus  one-half  its  average  potential 
energy-,  and  since  the  total  energ}-.  E.  remains  constant,  we  have 

and.  if  a  be  the  radius  of  either  orbit,  and  p  =  i  r  the  reciprocal 
of  the  mutual  distance  of  the  electrons  at  an}-  instant, 

'  PhSosophiad  Magazine,  44,  869,  1922. 
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The  configuration  being  symmetrical  by  assumption,  the  two 
trabants  will  pass  the  nodes  simultaneously,  being  then  on  the 
opposite  ends  of  a  diameter.  Thus,  if  the  "slow"  spinning  of  the 
orbits  themselves  (as  announced  by  Bohr,  loc.  cit.)  is  slow  enough 
compared  with  the  orbital  angular  velocity  of  the  electrons,  the 
approximate  value  of  the  radius,  a,  can  be  determined  by  the  same 
reasoning  as  for  Bohr's  older  ring  electron  (which  gave  a  much 
too  high  potential),  which,  in  usual  symbols,  gives  e'/a  =  ^chN^. 
Consequently, 

E=-'jN^ch{i-\a-p).  (i) 

It  remains  to  find  p.  Now  if  the 
mutual  incUnation,  i,  of  the  orbit  planes 
be  defined  as  explained  in  the  figure,  and  if 
the  azimuth  angles,  6  —  co^,  be  counted  from 
the  nodes,  we  have,  by  elementary  geom- 
etry, at  any  instant  /, 

7-2/^2=4008^  0+2(1+ cos  ?)sin^  Q , 
whence,  the  required  average, 

i_  n- de ' 


P  = 


or  Trap  =  F{k),  where  F  is  the  complete  elliptic  integral  of  the  first 
kind,  modulo 


k= 


I  —  cos  t 


If  we  put,  as  usual,  ^  =  sin  a,  then  a  =  ^i,  the  semi-inclination. 
Thus,  writing  now  a  instead  of  the  modulus  itself,  as  is  customary 
in  elhptic  tables,  we  have  for  the  average  reciprocal  distance  of 
the  two  trabants, 


F 

ira     \2 


(2) 


a  handy  kinematical  formula  which  may  be  interesting  on  its  own 
account. 
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Substituting  this  into  (i),  and  leaving,  for  the  present,  i  unspeci- 
fied, we  have  for  the  negative  energy  of  the  system,  or  of  what  will 
hereafter  be  referred  to  as  the  f-model, 


■E=7N^ch 


47r     V2/J 


(3) 


Next,  drag  away  one  electron  to  "infinity,"  allowing  the  other 
to  settle  itself  in  a  one-quantic  orbit.  Since  the  negative  energy 
of  this  residue,  the  ionized  atom,  He^,  is  simply  4.Nch,  where 
N  =  N^:{i-j-?n/M),  and  since  the  small  difference  N^—N  is 
irrelevant  for  the  .purpose  in  hand,  we  have  for  the  ionization 
work, 


W=Nch 


iV -7 1. 0973-105, 


or,  for  the  equivalent  wave-number  (of  the  flash  emitted  at  the 
return  of  the  vagabond), 

(4) 


v=N 


47r     \2 


Now,  for  Bohr's  model,  i=i2o°,  and,  by  a  four-figure  lable, 
F{6o°)  =  2.is6s.  Thus  j/^i.ygSyiV,  and  since  N  is  equivalent 
to  13.54  volts,  the  corresponding  ionization  potential  amounts  to 


7=24.35  volts. 


(5) 


which  is  remarkably  close  to  24.5,  the  latest  observed  value. 
The  corresponding  wave-length,  or  the  limit  of  L5mian's  (and 
Fricke's)  extremely  ultra-violet  series,  would  be  X^  =  506 . 6  A. 

Whether  this  is  a  mere  "chance"  coincidence,  or  has  some 
"deeper  significance"  (whatever  that  means),  I  am  unable  to  say. 
Still  less,  whether  this  model  of  normal  hehum  is  a  dynamically 
legitimate  one.  This,  as  stated  before,  will  be  left  entirely  to 
those  who  have  proposed  it. 

Thus  far  the  particular  case  of  the  Bohr  model.  Now,  by  way 
of  mere  curiosity,  suppose,  for  the  moment,  that  there  are  dynami- 
cally possible  (and  stable)  states  of  the  i-model  also  for  some 
inchnations  other  than  120°.     Then  its  energy  will  be  as  in  (3), 
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and  the  wave-number  of  radiation  emitted  at  the  passage  from 
He^  to  this  i-model  will  be  given  by  (4).  Bohr's  model  corresponds 
to  cos  i=—^.  He  supports  this  choice  only  by  a  terse  appeal 
(p.  32)  to  the  quantizing  principle  of  angular  momentum. 

At  any  rate,  it  has  seemed  interesting  to  apply  formula  (4), 
even  regardless  of  its  significance  or  deduction,  to  some  other 
simple  rational  values  of  cos  i,  especially  with  a  view  of  covering, 
perhaps,  some  of  the  four  observed  members  of  Lyman's  series, 
oS-mP.,  which  are  Xi  =  584.4,  X,  =  537.1,  X3  =  522.3,  X4  =  5i5.7, 
with  the  aforesaid  X^  as  limit. 

The  region  beyond  500  A  being  thus  far  barren  or  unexplored, 
values  of  cosO— ^  are  without  interest,  and  thus  the  next  simple 
ones  worth  considering  are  —  f,  —  |,  and  so  on.  The  results 
obtained  on  this  somewhat  adventurous  quest  were  as  follows : 

cos  •/=-§,     '  =  6s?905,     F=2.3404,     gave    X=537.2, 

remarkably  close  to  the  observed  X2;  the  next  tried,  cos?=— f, 
gave  X  =  561.9,  which  is  without  interest;   but  the  very  next  trial, 

x 
cosi=-i,    -  =  7i?56s,    7^=2.5781,    gave    X=582.7, 
2 

which  roughly  corresponds  to  Lyman's  first  line,  and 

cosi=-|-,     -     =63?435,     7^=2.2573,     yielded    X=S22  9, 
2 

which  is  close  enough  to  the  observed  \.  But  one  more  member, 
515.7,  observed  by  Lyman,  remained  uncovered.  Working  back 
from  this,  the  required  F  will  be  found,  by  (4),  to  be  2.2131,  and 
the  corresponding  semi-inclination,  6i?97,  whence   — cosi  =  o.558, 

whereas  the  nearest  simple  fraction,  |,  is  0.555 -^^^  whether 

5  and  9  are  still  "simple"  integers  must  be  left  to  everyone's  own 
judgment.  Taking  |,  we  have  V2  =  6i?87o,  ^=2.2094,  and 
X=5i5.i.  In  fine,  formula  (4)  gives  the  correct  ionization  poten- 
tial (5)  for  —cos  i  =  ^,  and,  as  a  curious  addition,  the  lines 

X4 ,    X3 ,    X2 ,    Xi , 
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respectively,  for  —  cosi=|,  f,  f,  |-,  with  the  deviations  —1.7, 
+0.6,  +0.1,  and  +0.6  angstroms,  the  experimental  error  limits 
being  ±0.2  A. 

Whether  or  not  these  additional  states  of  the  model  are  dynami- 
cally and  otherwise  legitimate  could  be  decided  only  by  a  thorough 
analysis  which  the  writer  is  not  in  the  position  to  offer. 

Rochester,  N.Y. 
March  3,  1923 

NOTE  ADDED  MAY  12,  1923 

Since  the  above  was  printed,  the  long  awaited  investigation  of  Dr.  Kramers 
{Zeitschr.  Jiir  Physik,  13,  312-341,  1923)  has  reached  America.  The  net  result 
of  this  investigation,  in  which  the  computation  of  the  mutual  perturbation  of 
the  electrons  is  pushed  to  the  second  approximation,  is  that  the  Bohr  model 
gives  a  much  too  low  ionization  potential,  namely  20.7  volts  (identical  with 
van  Vleck's  previous  result),  and  that  the  contemplated  quantized  motion  is 
not  even  stable  in  the  mechanical  sense  of  the  word.  Kramers,  however,  who 
speaks  also  in  the  name  of  Bohr  {loc.  cit.,  pp.  339,  340),  does  not  at  all  seem 
to  be  discouraged  by  this  unexpected  "negative  result"  of  his  laborious  com- 
putations. On  the  contrary,  after  a  consultation  with  Dr.  Bohr,  he  sees  in 
this  failure  only  a  proof  that  "already  in  this  simple  case  [of  two  trabants  onlyl 
ordinary  mechanics  loses  its  validity,"  and  does  not  swerve  from  his  belief  in 
"the  correctness"  of  the  model  itself.  In  fine,  Kramers  and  Bohr  are  unani- 
mous in  condemning,  not  the  model,  but  "ordinary"  mechanics.  As  yet, 
however,  they  do  not  see  their  way  for  proposing  any  definite  modification  or 
cutting  of  classical  mechanics  to  make  it  applicable  to  atomic  systems. 

Under  these  circumstances,  the  alternative  method  of  computation  given 
above  seems  the  more  interesting.  Originally  dictated  by  the  writer's  ignor- 
ance of  details,  this  method  now  appears  brutally  simple  and  "classically" 
wrong.  For  it  amounts  to  adding,  in  (i)  or  (3),  to  the  quantized  central 
energy  the  averaged  perturbation  function — a  theorem  known  to  be  valid 
only  when  the  latter  is  a  small  fraction  of  the  former.  But  it  is  precisely  such 
a  manifest  infringement  of  the  classical  laws  yielding  fairly  correct  results, 
which  may  serve  as  a  hint  how  to  modify  these  mechanical  laws  for  intra- 
atomic  purposes.  This  is  the  reason  why  the  foregoing  treatment  is  here 
left  unchanged. 

In  the  second  place,  it  may  be  well  to  add  the  following  peculiarities  of 
the  spectrum  formula  (4)  as  such,  noticed  in  the  meantime. 

If  the  simple  rational  values  of  —  cosz  are  written  out  orderly,  descending 
in  magnitude, 

-:©i(f)te)^ 
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every  second  (bracketed)  covers  no  observed  line,  while  the  remaining  ones 
represent  orderly  the  first  four  members  of  the  Lyman  series  oS—mP.  Now, 
extrapolating  this  intermit  tence  and  continuing  the  regular  sequence  of  the 
last  three  fractions  by 

1 
13 


(-)  - 


one  would  expect  the  former  to  cover  no  line,  and  the  latter  to  cover  the  line 
o5—  sP  which,  though  not  yet  observed,  can  confidently  be  expected.  Now, 
the  wave-length  of  this  line,  with  Lyman's  o^  and  the  usual  5P,  would  be 
X5  =  5i2.i,  while  our  formula  (4)  gives,  for  cos  /=  —7/13, 

X=5i2.3. 

Turning  to  the  left  hand  of  the  above  sequence,  the  next  fraction  f  has  natur- 
ally seemed  worth  tr>dng.  To  this  value  of  —  cos  j  corresponds  i/2  =  jT,°22i, 
i*'=  2.6642  and,  by  (4), 

X  =  6or.2 

which  is  very  close  to  the  "single  hne  at  600.5=^0.3"  repeatedly  observed  by 
L>Tnan.     ^Moreover,  the  combination  line 

05-15=198,300-32,033 

would  he  at  X  =  601.3,  which  is  still  closer  to  our  result. 

Gathering  the  scattered  results  we  have  the  following  correlation  (in  which 
bracketed  fractions  cover  no  lines) : 


S 

6 

o5— 15 


lJ  3  LsJ  5  L7J  9  LiiJ  13 


4 

5  L4J  3  L»J  5  L7J  9  L^J  13 

Ai  A2  A3  A4  A5 


The  regular  intermit tency,  as  far  as  oS—mP  is  concerned,  is  manifest.  The 
position  of  oS—iS,  the  "queer"  line  (Compton),  is  correspondingly  queer. 
Yet  even  this  fits  into  the  further  regularity  of  the  whole  sequence  of  fractions, 
pointed  out  to  me  by  my  friend.  Professor  A.  S.  Eve,  of  Montreal,  to  wit,  that 

the  dift'erences  between  the  successive  fractions  are  all  of  the  form  — '  thus 

np 

5.5-4.6  =  1,  4.4-3.5=1,  and  so  on. 

The  substance  of  this  note  was  given  in  a  paper  read  at  the  Washington 

meeting  of  the  Physical  Society,  April  21,  and  the  whole  subject  was  expounded 

in  a  lecture  deUvered  two  days  later  at  the  Bureau  of  Standards,  followed  by 

a  discussion. 
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TENTH  PAPER:    INTERNAL   MOTION  IN  THE  SPIRAL  NEBULA 
MESSIER  33,  N.G.C.  598' 

By  ADRIAAN  VAN  MAANEN 

ABSTRACT 

Measures  of  internal  motion  in  the  spiral  nebula  M  jj  {N.G.C.  sgS). — Comparison 
of  two  photographs  taken  in  1910  and  1922  by  Ritchey  and  Humason,  respectively, 
gives,  with  respect  to  twenty-four  comparison  stars,  the  annual  proper  motion  of  the 
nebula,  n^  =  -\-o".oo2„  yu^  =  — o'foo4,  and  the  motions  of  399  neb vJar  points  freed  from 
this  motion.  The  internal  motions  are  shown  on  Plate  XIX.  They  can  be  interpreted 
as  a  rotation  or  as  a  motion  outward  along  the  arms  of  the  spiral,  preferably  the 
latter.     Taken  as  a  rotation,  the  motions  indicate  periods  from  60,000  to  240,000  years. 

Reality  of  measured  displacements  in  spirals. — A  summary  of  the  results  for  seven 
spirals,  M  ^^i^  5i>  63,  81,  94,  loi,  and  N.G.C.  2403,  shows  that  the  displacements  found 
carmot  have  been  caused  by  (a)  the  telescope,  (b)  the  quality  of  the  plates,  (c)  the 
measuring  instrument,  {d)  the  measurer.  Apparently  they  must  be  accepted  as  repre- 
senting actual  internal  motion.  As  such  they  are  in  agreement  with  the  theory  of 
cosmogony  lately  proposed  by  Jeans. 

Parallaxes  of  the  larger  spiral  nebulae. — These  seem  to  lie  between  a  few  ten- 
thousandths  and  a  few  thousandths  of  a  second  of  arc.  The  corresponding  diameters 
range  from  several  light-years  to  several  hundred  light-years.  The  larger  spirals  are 
therefore  enormous  as  compared  with  our  solar  system,  but  small  in  comparison  with  the 
system  of  the  Milky  Way. 

In  192 1  a  preliminary  note  on  the  internal  motion  in  this  nebula 
was  published  in  the  Proceedings  of  the  National  Academy  of  Sciences;^ 
it  included  measures  of  thirty  nebulous  points  on  two  plates  taken 
at  the  25-foot  focus  of  the  60-inch  reflector  and  of  twenty- two  points 
on  the  photographs  taken  at  the  80-foot  focus  of  the  same  instru- 
ment. The  measures  were  .all  made  with  the  monocular  arrange- 
ment of  the  Zeiss  stereocomparator,  while  those  planned  for  several 
hundred  nebular  points  on  the  first  pair  of  plates  were  postponed 
until  the  new  stereocomparator,  then  under  construction  in  the  instru- 
ment shop  of  the  observatory,  should  be  completed.  Before  this 
was  finished,  the  plate  taken  by  Mr.  Duncan  in  1920  was  acciden- 
tally broken  by  him  and  it  was  necessary  to  wait  until  a  new  exposure 
could  be  made.     This  was  secured  by  JVIr.  Humason  on  September 

'  Contributions  from^  the  Mount  Wilson  Observatory,  No.  260. 
^  Ml.  Wilson  Comm.,  No.  71. 
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23  and  24,  1922.  As  the  older  plate  taken  by  Mr.  Ritchey  dates 
from  August  5,  6,  and  7,  1910,  the  interval  is  12.133  years. 

Twenty-four  comparison  stars  and  400  points,  presumably  be- 
longing to  the  nebula,  were  selected  for  measurement.  The  meas- 
ures and  reductions  were  carried  out  in  the  same  way  as  for  other 
spirals  studied. 

The  measures  were  made  in  four  positions,  east,  west,  north,  and 
south,  respectively,  in  the  direction  of  increasing  readings  of  the 
micrometer  screw.  The  measures  in  right  ascension  were  combined 
into  one  set,  and  those  in  declination  into  another;  then  the  meas- 
ured quantities  were  multiplied  by  0.688  to  reduce  the  values 
expressed  in  parts  of  the  micrometer  screw  to  annual  motions  in 
thousandths  of  a  second  of  arc.  These  quantities,  m^  and  m^, 
respectively,  were  used  as  the  first  members  in  equations  of  condition 
of  the  form: 

ma  =  a-\-bx-\-cy-{-dx''-\-exy-\-fy''-\- IJLa        1  ,  ^ 

m6  =a'+b'x-\-c'y-\-d'x'-he'xy-hf'y'-\-fJis  J  ^^^ 

in  which  a  ....  f,  a'  ....  f,  are  the  plate  constants,  x  and  y 
the  co-ordinates  in  right  ascension  and  declination,  and  ju^  and  ns 
the  annual  proper  motions.  By  a  least-squares  solution  the  plate 
constants  were  determined  from  two  sets  of  equations  of  the  form 
(i),  yielded  by  the  twenty-four  comparison  stars.  These  constants 
were  substituted  into  equations  of  the  form  (i)  for  all  objects  meas- 
ured, thus  giving  for  both  stars  and  nebular  points  n^  and  ns,  the 
components  in  right  ascension  and  declination  of  the  motions  with 
respect  to  the  mean  of  the  comparison  stars. 

For  the  comparison  stars  these  quantities  are  given  in  the  fourth 
and  fifth  columns  of  Table  I ;  the  second  and  third  columns  give  the 
positions  with  respect  to  the  center  of  the  nebula,  accurate  to  a 
tenth  of  a  minute  of  arc. 

In  order  to  derive  the  internal  motions  of  the  nebula,  the  values 
Ha  and  fj-s  of  the  nebular  points  must  be  freed  from  the  motion  of  the 
nebula  as  a  whole.  One  point,  No.  367,  shows  so  large  a  motion 
(/x  =  o'fi36)  that  it  cannot  be  a  part  of  the  nebula,  and  is  accord- 
ingly omitted  in  the  following  discussion. 
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a)  The  mean  motion  of  the  399  remaining  points  is 

/Lta  =  +o''oo2;  )U5=  — o''oo35. 

h)  Combining  the  mean  motion  in  quadrants  I  and  III,  we  have 

^  )Ua  =  +o''oo4S;         ^15— — ©''0035 

while  for  quadrants  II  and  IV 

Ma  =  +o''oo35 ;         m  =  — o''oo55. 

TABLE  I 

Co-ordinates  and  Annual  Motions  of  the  Comparison  Stars 


No. 


b. 
c. 
d. 
e. 

f. 
g- 
h. 
i. 
7. 
'k. 
I. 
m 
n. 
0 . 
P- 

q- 

r . 

s . 
t. 
u. 

V. 

w 

X. 


-  I. '6 

-  2.9 

-  2.7 

-  8.0 

-  7.0 
-13.2 
-II. 9 

-  8.6 

-  7.6 

-  1-4 

-  Zi 
2 . 1 

OS 

+  52 
+  11. 6 
+  4.1 
+   70 

+  1-3 
+  8.0 
+  10.7 
+  6.4 
+  1.7 
+  2,2, 
+  0.5 


+ 


+ 
+ 


-  4-5 

-  2.7 

-  II  .0 
-II. 4 

-  5-7 

-  1.4 
+  2.4 
+  2.4 

3-7 
-  1-7 
+  6.4 
+  11. 4 
+  10.3 
+  8.9 
+  40 
+  4-0 
+  2.1 
+  3.2 

-  I.I 

-  6.8 

-  9.2 
-10.3 

-  4.0 

-  2.5 


-0.003 
3 


+ 

+ 
+ 


+ 


+ 
+ 


+ 

+ 


13 


4-O.C;02 


+ 


+ 

+ 
+ 

+ 
+ 


+  I 

+  4 

+  I 

+0.008 


All  four  quadrants  combined  give 

^la  =  +0.004;  M5=  — 0.0045. 

c)  Using  only  the  293  points,  within  10'  from  the  center  of  the 
nebula,  which  have  a  more  symmetrical  distribution,  we  find  for 
quadrants  I  and  III 

/ia=— o''oo4;  /is  =  —©''0035 


i 


(^ 

li(^  -^ 


i 
P 


I 


PLATE  XIX 


'-^^ 


0  . 


5CALE 


0.0 


O.I 


Internal  Motions  in  Messier  i^ 

I 
The  arrows  indicate  the  directions  and  magnitudes  of  the  annual  motions.     Their  scale  ^o"\)  is  indi- 1 

cated  on  the  illustration.     The  scale  of  the  nebula  is  i  mm  =  i2."8.     The  comparison  stars  are  inclosed  in  , 

circles.  j 
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while  for  quadrants  II  and  IV 

/ia  =  +o''oo3;  /i5=  — o''oo4^. 

For  aU  quadrants  combined,  we  find 

For  the  motion  of  the  nebula  as  a  whole,  the  mean  result  from 
the  three  methods  is 

^ta  =  +o''oo3,  1X6= —o".oo/\.. 

Subtracting  these  values  from  the  annual  motions,  jx^  and  ^ts, 
of  the  individual  points,  we  derive  the  internal  motions,  which  are 
given  in  the  fourth  and  fifth  columns  of  Table  II.  These  motions 
are  plotted  in  Plate  XIX;  for  the  comparison  stars,  which  are  sur- 
rounded by  circles,  the  motions  of  Table  I  are  used;  the  motion  of 
point  367  is  indicated  by  a  broken  line.  The  scale  of  the  motions  is 
indicated  in  the  lower  right-hand  corner.  The  length  of  the  arrows 
represents  the  motions  during  an  interval  of  about  2,500  years. 

The  second  and  third  columns  of  Table  II  give  the  co-ordinates 
of  the  points  measured,  with  respect  to  the  center  of  the  nebula, 
to  tenths  of  a  minute  of  arc.  In  a  few  cases,  points  close  together 
thus  appear  with  identical  co-ordinates.  ,  This  is  of  no  consequence, 
because,  if  necessary,  these  cases  can  be  distinguished  by  their 
motions. 

The  internal  motions  are  resolved  into :  {a)  rotational  and  radial 
components ;  {h)  components  along  and  at  right  angles  to  the  spiral 
arms  (stream  and  transverse  components). 

The  plane  of  the  nebula  is  probably  inclined  a  little  to  the  tan- 
gential plane  of  the  celestial  sphere,  but,  as  the  axes  are  in  the  ratio 
of  about  I  to  1.25,  the  components  will  in  no  case  be  affected  by 
more  than  25  per  cent,  or  in  the  mean  by  about  10  per  cent. 

The  results  are  given  in  the  sixth,  seventh,  eighth,  and  ninth 
columns  of  Table  II,  where  the  positive  sign  is  used  for  motions  in 
the  direction  N-E-S-W,  and  outward. 
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TABLE  II 

Co-ordinates  and  Annual  Internal  Motion 


No. 


"s 


Rota- 
tional 


Radial 


Stream 


Trans- 
verse 


^• 
3- 
4. 
S. 
6. 
7- 
8. 
9. 

lo. 

II . 

12  . 
13- 
14. 
IS- 
16. 
17. 
18. 
19. 
20. 

21 . 

22 . 

23- 

24. 

25- 

26. 
27. 
28. 
29. 
30. 

31. 

32. 
53- 
34- 
35- 
36. 
37. 
38. 
3Q- 
40. 
41. 
42. 
43- 
44. 
45. 
46. 
47. 
48. 
49. 
SO. 
SI. 

S2. 
S3. 
S4. 
5S. 
S6. 
S7. 
S8. 
S9 
60. 
61. 
62. 
63. 
64. 
6S. 
66. 
67. 
68. 
69. 
70 


—  4:5 

—  4-3 

—  2.9 


-  0.6 

-  I  .0 

-  O-S 

-  0-3 

-  0.2 

-  8.7 

-  8.4 

-  8.6 

-  8.6 

-  9-5 

-  9-5 

-  9.4 

-  9-4 

-  lo.o 

-  9.9 

-  9-7 

-  9.S 

-  6.7 

-  6.8 

-  6.S 

-  6.4 

-  4-6 

-  5-2 

-  S-4 

-  S-2 

-  S.2 

-  6.8 

-  7.0 

-  7-3 

-  7-0 

-  7-S 

-  7.S 

-  7-3 

-  6.7 

-  6.7 

-  6.5 

-  3.0 

-  30 


—   2 


-f 
+ 
+ 
+ 

+  5 

+  5 

+  S 

+  5 

-f  5 

+  5 

+  S 

4-  6 


0.0 

3-7 
3-S 
3.8 


-t-o"oo7 
+         9 


+  6.5 


-I-0T031 

-t- 

-t- 
+ 
-t- 
-I- 
+ 
-f- 
+ 


-t-0'027 
+       23 

-t- 
-t- 
4- 

-I- 
-h 

+ 
+ 
+ 
+ 
+ 


—0:017 
-      18 


-J-0T026 

-I- 
-1- 
-I- 
+ 
-i- 
H- 
-t- 
-I- 
-1- 
+ 
+ 
+ 
+ 
-1- 
+ 
+ 
-I- 
+ 
+ 
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TABLE  II — Continued 


X 

y 

"a 

"5 

Rota- 
tional 

Radial 

Stream 

Trans- 
verse 

7:8 

+  I'.S 

+0T029 

+0T014 

+0: 

031 

—0! 

on 

+0' 

031 

—0' 

010 

7-6 

+   7.S 

+   26 

+   15 

+ 

29 

— 

7 

+ 

29 

— 

6 

7-5 

+  7.6 

+   16 

+   19 

+ 

25 

+ 

3 

+ 

25 

+ 

4 

7.0 

+  7.8 

+   15 

+    9 

+ 

18 

4 

+ 

18 

— 

4 

6.8 

+  7.8 

+   18 

+   15 

+ 

23 

+ 

I 

+ 

23 

0 

6.7 

+  8.1 

+   22 

+   21 

+ 

30 

+ 

3 

+ 

30 

+ 

3 

8.,^ 

+  9-4 

+   15 

+   17 

+ 

22 

+ 

4 

+ 

22 

+ 

2 

8.,s 

+  9.5 

+   17 

+   17 

+ 

24 

+ 

2 

+ 

24 

— 

I 

4.0 

+  8.3 

+   10 

+   25 

+ 

21 

+ 

18 

+ 

23 

+ 

13 

4-5 

+  8.1 

+    9 

+   17 

+ 

16 

+ 

11 

+ 

17 

+ 

7 

4-5 

+  8.3 

+   24 

+   10 

+ 

26 

— 

I 

+ 

25 

— 

6 

4-5 

+  8.4 

+   23 

+    6 

+ 

23 

— 

6 

+ 

22 

— 

10 

S.6 

+  2.4 

+   16 

+   20 

+ 

24 

— 

8 

+ 

24 

— 

8 

6.2 

+  1.6 

+   17 

+   17 

+ 

20 

— 

13 

+ 

20 

— 

IS 

6.2 

+  i.o 

+    2 

+   IS 

+ 

15 

— 

I 

+ 

15 

— 

2 

6.4 

+  1.0 

—    I 

+   21 

+ 

20 

+ 

5 

+ 

21 

+ 

3 

6.S 

+  0.8 

+    I 

+   22 

+• 

22 

+ 

2 

+ 

22 

0 

4.9 

+  2.1 

+    8 

+   16 

+ 

18 

0 

+ 

18 

— 

I 

4.8 

+  2.1 

+   19 

+   17 

+ 

23 

— 

II 

+ 

22 

— 

12 

4-9 

+  1.7 

+    8 

+   16 

+ 

18 

— 

2 

+ 

18 

— 

2 

4-9 

+  1.7 

+   12 

+   17 

+ 

20 

— 

6 

+ 

20 

— 

6 

4.6 

+  1.6 

0 

+   22 

+ 

21 

+ 

7 

+ 

21 

+ 

7 

4.8 

+  1.0 

—    2 

+   21 

+ 

20 

+ 

6 

+ 

21 

+ 

3 

4.6 

+  1.0 

+   15 

+    9 

+ 

12 

— 

13 

+ 

9 

— 

15 

5-2 

-  0-3 

+    4 

+    4 

+ 

3 

— 

5 

+ 

4 

— 

4 

5-4 

-  0.3 

+    3 

+    21 

+ 

21 

— 

4 

+ 

20 

— 

6 

51 

—  0.3 

+   13 

+    12 

+ 

II 

— 

15 

+ 

10 

— 

IS 

51 

-  0.6 

+    2 

+    22 

+ 

21 

— 

5 

+ 

21 

— 

4 

5-2 

-  0.8 

+    5 

+     9 

+ 

8 

— 

7 

+ 

8 

— 

7 

5-9 

—  30 

-   18 

+    II 

+ 

18 

+ 

11 

+ 

20 

+ 

8 

5.6 

-  3-0 

—   20 

+    17 

+ 

25 

+ 

9 

+ 

26 

+ 

4 

4.9 

-  30 

-    25 

+    14 

+ 

2  5 

+ 

13 

+ 

27 

+ 

8 

s.o 

-  4.6 

-   15 

+    15 

+ 

21 

+ 

3 

+ 

21 

— 

3 

5.6 

-  4.6 

-    9 

+    12 

+ 

15 

0 

+ 

14 

— 

4 

5-4 

-  4-6 

—    20 

+    9 

+ 

20 

+ 

9 

+ 

22 

+ 

3 

S-i 

-  4-6 

-   16 

+   II 

+ 

18 

+ 

6 

+ 

10 

— 

I 

51 

-  4-5 

—    20 

+    8 

+ 

10 

+ 

9 

+ 

21 

+ 

3 

5-2 

-  4-5 

-    24 

-    4 

+ 

II 

+ 

21 

+ 

17 

+ 

17 

4-3 

-  4.0 

-    9 

+    12 

+ 

15 

0 

+ 

15 

— 

3 

4.0 

-  S.4 

-    13 

+    4 

+ 

13 

+ 

4 

+ 

13 

— 

4 

4.5 

-  5.6 

—   15 

+    18 

+ 

23 

— 

5 

+ 

18 

— 

15 

4-5 

-  5-7 

-    27 

+    S 

+ 

24 

+ 

12 

+ 

27 

0 

4-5 

-  6.0 

—    14 

+   16 

+ 

21 

— 

5 

+ 

17 

— 

14 

4-3 

-  6.2 

—    21 

+   17 

+ 

27 

— 

3 

+ 

21 

— 

17 

4.3 

-  6.4 

-    31 

+    7 

+ 

30 

+ 

12 

+ 

31 

— 

7 

4.9 

-  6.2 

—     22 

+    2 

+ 

18 

+ 

13 

+ 

22 

+ 

1 

S.b 

-  8.1 

—     21 

+    2 

+ 

19 

+ 

10 

+ 

21 

0 

S-4 

-  8.0 

—    22 

+    7 

+ 

22 

+ 

b 

+ 

23 

— 

S 

S.6 

-  8.3 

-    18 

-    7 

+ 

II 

+ 

16 

+ 

18 

+ 

7 

5-4 

-  8.3 

-    14 

-    5 

+ 

6 

+ 

13 

+ 

11 

+ 

10 

3-2 

-  8.4 

—    32 

—     2 

+ 

29 

+ 

14 

+ 

32 

0 

3-0 

-  8.4 

—    24 

—    7 

+ 

19 

+ 

lO 

+ 

25 

+ 

3 

3-0 

-  8.4 

-    29 

-   14 

+ 

22 

+ 

23 

+ 

31 

+ 

9 

30 

-  8.6 

—    27 

-   13 

+ 

22 

+ 

20 

+ 

29 

+ 

7 

2.9 

-  8.6 

-    28 

—    2 

+ 

27 

+ 

7 

+ 

28 

— 

2 

2.7 

-  8.4 

—    27 

+    I 

+ 

26 

+ 

5 

+ 

26 

— 

7 

2  .2 

-  8.4 

—    20 

-    3 

+ 

19 

+ 

8 

+ 

20 

— 

4 

2.4 

-  8.3 

—    27 

-    15 

+ 

21 

+ 

22 

+ 

30 

+ 

8 

2  .2 

-  8.1 

-    28 

—    I 

+ 

26 

+ 

9 

+ 

27 

— 

8 

2.4 

-  8.1 

—     21 

-    5 

+ 

ft3 

+ 

II 

+ 

21 

0 

1.9 

-  7.8 

—     22 

—    II 

+ 

20 

+ 

IS 

+ 

24 

+ 

I 

1.6 

-  7.6 

-     27 

—    10 

+ 

25 

+ 

IS 

+ 

29 

0 

1-7 

-  7-5 

-     28 

-    3 

+ 

27 

+ 

8 

+ 

26 

— 

11 

1-7 

-  7-5 

-     27 

-    6 

+ 

25 

+ 

II 

+ 

27 

— 

8 

1.6 

-  7-3 

—    21 

—    II 

+ 

18 

+ 

IS 

+ 

24 

+ 

I 

1.6 

-  7-5 

-    IS 

-    3 

+ 

14 

+ 

7 

+ 

IS 

— 

3 

1 .1 

-  6.8 

—    13 

—   12 

+ 

II 

+ 

14 

+ 

17 

+ 

5 

1-3 

-  6.7 

-   IS 

-    8 

+ 

15 

+ 

8 

+ 

17 

0 

2.7 

—  5-1 

—   27 

-   18 

+ 

16 

+ 

28 

+ 

29 

+ 

14 

2.5 

-  4-8 

—     22 

-    6 

+ 

17 

+ 

IS 

+ 

23 

0 

2.4 

—  4-5 

—     II 

—    s 

+ 

7 

+ 

0 

+ 

12 

+ 

2 

2.9 

-  4-6 

—     14 

—    2 

+ 

II 

+ 

9 

+ 

14 

0 
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No. 


''a 


Rota- 
tional 


Radial 


Stream 


Trans- 
verse 


143- 
144. 
I4S- 
^146. 
147. 
148. 
149. 
150- 
151- 
152. 
153- 
154- 
ISS. 
156. 
157. 
IS8. 

isg- 
160 . 
161. 
162 . 
163. 
164. 
165. 
166. 
167 . 
168. 
169. 
170. 
171. 
172 . 

173- 
174- 
I7S. 
176. 
177- 
178. 
179- 
180. 
181. 
182. 
183. 
184. 
18s. 
186. 
187. 
188. 
189. 
190. 
igi. 
192 . 
193- 
194. 
195- 
196. 
197. 
198. 
199. 
200. 
201 . 
202  . 
203. 
204. 
205. 
206. 
207  . 
208. 
209. 
210. 
211 . 
212  . 
213- 
214. 


-  3- 

-  3- 

-  3- 

-  3- 

-  3- 

-  4- 


-  4.0 

-  3.5 

-  3.8 

-  3-7 

-  2.5 

-  2.4 

-  2.9 

-  3-3 

-  5-5 

-  3-S 

-  35 

-  3-3 

-  3-3 

-  3-3 

-  4.0 

-  3.8 

-  3-7 

-  3-5 

-  3-5 

-  3-0 

-  30 

-  2.9 

-  2.7 

-  2.9 

-  2.9 

-  0.6 

-  0.6 

-  0.2 

-  0.2 

-  0.3 

-  0.5 

•  5 

•  4 

•  7 

•  7 
•4 


.6 
0.6 
0.6 
1-3 
1-3 
1-4 
1 .1 
0.6 
2-5 
2.7 
2.2 
1.9 
1.9 
2.4 
1.4 
1-7 
1.6 


-  4:1 

-  4.0 

-  3.8 

-  3-5 

-  3-3 

-  3-3 

-  2.5 

-  2.2 

-  2.5 

-  2.5 

-  2.4 

-  1.9 

-  1.9 


-  0.2 

-  0.2 
0.0 
0.0 

-  0.2 
+  2.1 
-1-2.2 
-f-  2  .2 
+  7 
+  7 
+  11 
+  11 
+  11 
+  11 
+  11 
+  11. 3 
-fii.8 
+  11.9 
-f-11.9 
+  11. 8 
-I-11.6 
+  11.4 
+  11. 3 
+  9.2 
+  9.1 
+  9.1 
+  9.1 
+  8.9 
+  8.9 
+  5-2 
+  5.1 
+  5.2 
+  5.1 
+  4-9 
+  4-9 
+  4-8 
+  4-3 
+  3-5 
+  1.4 
+  1.4 
+  1.4 
-|-  0.2 

-  0.5 

-  0.8 

-  1 .1 

-  2.9 

-  2.9 

-  2.9 

-  4.0 

-  4.0 

-  4-1 

-  4.8 

-  4-8 

-  1-4 


+0T00S 


-0T016 


+0^005 
+         6 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 


-|-o'oi7 
+       10 


— 0T003 

+         2 

+         6 

o 

+  3 

—  I 

+  I 

+         5 
+         3 
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TABLE  II— Continued 


X 

y 

/< 

a 

"6 

Rota- 
tional 

Radial 

Stream 

Trans- 
verse 

—   o!3 

-   l'3 

—  0 

'010 

—0 

'00s 

+0 

roo9 

+0 

'.oo^ 

+0 

T008 

+0 

roo8 

—  0.2 

-  1.3 

+ 

2 

— 

14 

— 

4 

+ 

14 

— 

8 

+ 

II 

0.0 

—  1.4 

— 

12 

+ 

5 

+ 

12 

— 

+ 

13 

0 

0.0 

-  1.4 

— 

16 

— 

9 

+ 

16 

+ 

10 

+ 

13 

+ 

I^ 

+  0.2 

-  1.7 

— 

17 

— 

16 

+ 

18 

+ 

14 

+ 

14 

+ 

18 

+  0.2 

-  2.9 

— 

21 

— 

10 

+ 

22 

+ 

8 

+ 

23 

0 

+  0.2 

-  3.0 

— 

10 

— 

2 

+ 

10 

+ 

2 

+ 

10 

— 

I 

+  0.3 

-  3.0 

— 

II 

— 

16 

+ 

12 

+ 

14 

+ 

17 

+ 

0 

+  0.2 

-  3.8 

— 

8 

— 

18 

+ 

9 

+ 

17 

+ 

15 

+ 

13 

+  I.I 

-  4.1 

— 

27 

— 

21 

+ 

32 

+ 

13 

+ 

34 

— 

I 

+  I.I 

-  4-5 

— 

28 

— 

II 

+ 

30 

+ 

2 

+ 

27 

— 

n 

+  i.o 

-  4.6 

— 

23 

— 

13 

+ 

25 

+ 

8 

+ 

26 

— 

4 

+  0.6 

-  5.6 

— 

22 

— 

17 

+ 

25 

+ 

13 

+ 

27 

— 

7 

—  0.2 

-  7.2 

— 

2b 

— 

14 

+ 

26 

+ 

14 

+ 

29 

— 

4 

—  0.2 

-  7.3 

— 

29 

— 

10 

+ 

28 

+ 

II 

+ 

29 

— 

10 

0.0 

-  7.2 

— 

25 

— 

4 

+ 

25 

+ 

4 

+ 

23 

— 

11 

+  0.6 

-  7.0 

— 

18 

— 

10 

+ 

19 

+ 

8 

+ 

20 

— 

4 

+  0.6 

-  6.8 

— 

34 

— 

23 

+ 

36 

+ 

19 

+ 

41 

— 

5 

+  I.I 

-  6.4 

— 

21 

— 

10 

+ 

23 

+ 

4 

+ 

22 

— 

7 

+  1.3 

-  6.0 

— 

19 

— 

8 

+ 

20 

+ 

3 

+ 

18 

— 

0 

+  1.7 

-  5.9 

— 

27 

— 

31 

+ 

34 

+ 

23 

+ 

41 

— 

I 

+  2.1 

—  5.7 

— 

12 

— 

26 

+ 

20 

+ 

21 

+ 

28 

+ 

7 

+  1.7 

-  5.9 

— 

18 

— 

18 

+ 

22 

+ 

12 

+ 

25 

+ 

I 

+  1.7 

-  6.0 

— 

15 

— 

12 

+ 

17 

+ 

8 

+ 

10 

3 

+  1.6 

-  6.5 

— 

II 

— 

21 

+ 

15 

+ 

18 

+ 

23 

+ 

7 

+  1.6 

-  6.7 

— 

22 

— 

19 

+ 

26 

+ 

13 

+ 

28 

— 

7 

+  1.7 

-  6.7 

— 

17 

14 

+ 

20 

+ 

10 

+ 

21 

— 

5 

+  1.0 

-  6.8 

— 

13 

— 

11 

+ 

14 

+ 

9 

+ 

17 

— 

2 

+  1.3 

-  7.2 

— 

21 

— 

9 

•+ 

23 

+ 

3 

+ 

21 

— 

10 

+  1.3 

-  7.2 

— 

21 

— 

16 

+ 

23 

+ 

12 

+ 

2b 

— 

2 

+  0.6 

-  7.6 

— 

27 

— 

24 

+ 

35 

+ 

II 

+ 

36 

— 

2 

+  0.8 

-  7.5 

— 

21 

— 

12 

+ 

22 

+ 

9 

+ 

22 

— 

8 

+  1.3 

-  7.5 

— 

19 

— 

18 

+ 

22 

+ 

14 

+ 

26 

0 

+  1.4 

-  7.3 

— 

8 

— 

15 

+ 

12 

+ 

13 

+ 

16 

+ 

4 

+  1.6 

-  7.8 

— 

27 

— 

6 

+ 

28 

0 

+ 

22 

17 

+  0.6 

-12.4 

— 

23 

— 

2 

+ 

23 

— 

I 

+ 

19 

— 

13 

+  0.8 

-12.2 

— 

29 

+ 

I 

+ 

29 

— 

5 

+ 

24 

— 

17 

+  1.0 

—  12.2 

— 

22 

— 

7 

+ 

22 

+ 

4 

+ 

21 

— 

0 

+  0.8 

-12.4 

— 

42 

— 

16 

+ 

44 

+ 

II 

+ 

44 

— 

II 

+  1.3 

—  12.2 

— 

30 

— 

7 

+ 

39 

+ 

3 

+ 

35 

— 

18 

+  1.4 

—  12  .2 

— 

30 

— 

I 

+ 

30 

— 

3 

+ 

25 

— 

17 

+  3.0 

-  4.0 

— 

16 

— 

19 

+ 

24 

+ 

6 

+ 

24 

— 

7 

+  3.0 

-  3.8 

— 

14 

— 

13 

+ 

10 

0 

+ 

17 

— 

10 

+  2.9 

-  3.8 

— 

12 

— 

23 

+ 

24 

+ 

II 

+ 

25 

+ 

6 

+  2.1 

-  3.0 

— 

19 

— 

I"; 

+ 

24 

+ 

3 

+ 

23 

— 

7 

+  2.2 

-  3.2 

— 

— 

17 

+ 

15 

+ 

10 

+ 

18 

+ 

I 

+  2.5 

-  2.9 

+ 

I 

— 

7 

+ 

4 

+ 

6 

+ 

6 

+ 

4 

+  2.9 

-  2.7 

— 

I 

— 

12 

+ 

9 

+ 

7 

+ 

12 

0 

+  2.S 

-  1.7 

— 

II 

— 

10 

+ 

14 

— 

4 

+ 

12 

0 

+  2.7 

-  1.7 

— 

I 

— 

25 

+ 

23 

+ 

II 

+ 

25 

I 

+  1.4 

-  1.3 

— 

8 

— 

II 

+ 

13 

+ 

2 

+ 

14 

0 

+  I.I 

—  1 .1 

— 

24 

— 

10 

+ 

24 

— 

10 

+ 

2b 

0 

+  2.2 

—  0.2 

+ 

8 

— 

10 

+ 

9 

+ 

9 

+ 

10 

+ 

8 

+  2.5 

+  0.2 

+ 

II 

— 

10 

+ 

10 

+ 

II 

+ 

13 

+ 

6 

+  2.2 

+  0.2 

+ 

7 

— 

19 

+ 

19 

+ 

6 

+ 

20 

0 

+  2.5 

+  0.6 

+ 

16 

— 

9 

+ 

12 

+ 

14 

+ 

17 

+ 

7 

+  2.5 

+  I.I 

+ 

5 

— 

10 

+ 

II 

+ 

I 

+ 

10 

— 

3 

+  2.5 

+  1.7 

+ 

14 

+ 

3 

+ 

5 

+ 

14 

+ 

10 

+ 

10 

+  2.4 

+  1.7 

+ 

15 

+ 

10 

+ 

I 

+ 

18 

+ 

8 

+ 

lb 

+  2.7 

+  2.5 

+ 

25 

+ 

I 

+ 

15 

+ 

20 

+ 

23 

+ 

10 

+  2.7 

+  2.7 

+ 

12 

— 

I 

+ 

10 

+ 

7 

+ 

12 

+ 

3 

+  2.5 

+  2.9 

+ 

17 

— 

6 

+ 

17 

+ 

6 

+ 

18 

— 

4 

+  2.2 

+  2.9 

+ 

14 

+ 

3 

+ 

9 

+ 

II 

+ 

13 

+ 

6 

+  2.4 

+  3.0 

+ 

16 

+ 

I 

+ 

12 

+ 

II 

+ 

lb 

+ 

2 

+  2.5 

+  3.0 

+ 

8 

+ 

6 

+ 

2 

+ 

10 

+ 

7 

+ 

7 

+  1.6 

+  2.7 

+ 

14 

4- 

S 

+ 

9 

+ 

II 

+ 

14 

+ 

4 

+  1.3 

+  2.4 

+ 

I 

+ 

9 

— 

3 

+ 

9 

+ 

4 

+ 

8 

+  1.3 

+  2.2 

+ 

20 

+ 

14 

+ 

11 

+ 

22 

+ 

24 

+ 

6 

+  0.2 

+  1.4 

+ 

7 

+ 

10 

+ 

6 

+ 

II 

+ 

12 

0 

+  0.2 

+  1.6 

+ 

16 

+ 

21 

+ 

12 

+ 

24 

+ 

2b 

+ 

2 

0.0 

+  1.4 

+ 

16 

+ 

2 

+ 

15 

+ 

4 

+ 

14 

— 

8 

0.0 

+  1.7 

+ 

II 

+ 

6 

+ 

12 

+ 

5 

+ 

12 

— 

5 

272 


ADRIAAN  VAN  MAANEN 


TABLE  II — Continued 


No. 


"5 


Rota- 
tional 


Radial 


Stream 


Trans- 
verse 


287 
288 
289 
^290 
291 
292 
293 
294 
29s 
296 
297 
298 
299 
300 
301 
302 
303 
304 
30s 
306 
307 
308 
309 
310 
311 
312 
313 
314 
31S 
316 
317 
318 
319 
320 
321 
322 
323 
324 
32s 
326 
327 
328 
329 
330 
331 
332 
333 
334 
33S 
336 
337 
338 
339 
340 
341 
342 
343 
344 
34S 
346 
347 
348 
349 
3SO 
3SI 
3Se 
353 
3S4 
3SS 
3S6 
3S7 
3S8 


—  o; 

+ 

+  1.6 

+  1.6 

+  1.9 

+ 

+  2.4 


7 
7 

+  3-7 
+  3-7 
+  3-3 
+  3-5 
+  3.8 
+  5.9 
+  4-9 
+  -4-9 
+  4-9- 
+  4-9 
+  4-6 
+  4-5 
+  4-6 
+  4.3 
+  4-3 
+  4. 
+  S. 

+  s. 

+  5- 

+  7- 
+  7- 
+  7. 
+  7. 
+  7. 


+  5 

+  5 

+  6 

+  6 

+  6 

+  6 

+  S 

+  S 

+  s 

+  4 

+  4 

+  4 

+  3 

+  3 

+  4 

+  4 

+  4 


4.9 
4.9 
S-l 
4.9 
S-i 
S-i 

4.8 
4.6 
4.6 
4.8 
4.8 

6 
5-9 
S- 
5-7 
5.6 
5-7 
5-7 
6.7 


+ 

+ 

+ 

+12 

+12 

+12 

+12 

+  9 

+  8 

+  8 

+  8 

+  7 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 


6 
6 
6 
6 

5 
6 
6 
6 
6 
6 
6 

+  6 
+  5 
+  5 
+  S 
+  4 
+  4 
+  4 
+  4 
+  4 
+  2 
+  2 
+  2 
+  o 
+  o 
+  o 


-  3 

-  3 

-  3 

-  4 

-  S 

-  5 

-  5 

-  6 

-  6 

-  6 

-  7 

-  7 

-  6 


+oroi8 


+  13 

+  II 

+  15 

+  8 


+0T022 
+  5 
+  20 
+  12 
+   13 


+0f020 


+ 


+0f020 

+    6 


-   26 


-I-0T029 
+  14 
+   29 

+  24 
+   27 

+    25 

+  26 
+    19 

+  21 
+    20 

+ 

+ 
+ 
+ 
+ 
+ 


+   34 


-fofooi 

—     2 

+    8 

+    5 
+    4 
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TABLE  II — Continued 


No. 


359 
360 
361 
362 
363 
364 
36s 
366 
367 
368 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
380 
381 
382 
383 
384 
38s 
386 
387 
388 
389 
390 
391 
392 
393 
394 
395 
396 
397 
398 
399 
400 


+  9^9 
+  8.7 
+  9-2 

+  9-2 
+  6.2 

+  S.6 
+  5.9 
+  6.2 
+  6.4 
+  6.4 
+  5.4 
+  5-4 
+10.8 
+11. 1 
+  11. 4 
+  11. 3 
+  9-4 
+  9-4 
+  9.1 
+  9.1 
+  10.2 
+10.2 
+  10. S 
+10.7 
+10.7 
+10. s 
+10.8 
+  11 .0 
+  9-9 
+  9-9 
+  10.0 
-j-io.o 
+10. S 
+10.7 
+  10.8 
-j-ir  .0 
+11 .0 
+11. 4 
+  11. 8 
+  11. 9 
+  8.g 
+  6.5 


4.8 


—  2.9 

—  0.2 

—  0.2 
0.0 

+  0.2 
+  0.3 

—  2.5 

—  2.5 

—  2.2 

—  2.1 

—  0.2 
+  0.2 
+  0.3 
+  o.s 
+  I.I 
+  1.4 
+  I.I 
+  2.1 
+  2.4 
+  2.4 
+  4.0 
+  4-1 
+  5.6 
+  5-6 
+  5.7 
+  5.9 
+  6.2 
+  6.2 
+  6.0 
+  5-7 
+  6.2 
+  6.2 
+  6.5 
+  6.2 
+  6.7 
+  9.2 


— 0"029 

-  16 


•"5 


-  18 

-  28 

-  17 

-  28 

-  20 

-  16 


16 
25 
13 
19 
17 
19 
34 
21 
24 
35 
19 
20 
35 

-  18 
19 

-  26 
-0.009 


Rota- 
tional 


+oro3S 
+  33 
+  24 
+  35 
+  16 
+       26 


+0.019 


Radial 


-         9 

+0.001 


Stream 


+0T031 

+  31 

+  20 

+  31 

+  17 

+  28 

-|-  20 

+  16 


+ 

+ 

+ 

+       20 

+0.019 


Trans- 
verse 


a)  The  mean  rotational  component  is  +of'o2o=bo''ooi ;  the  mean 
radial  component,  +0^003  itofooi.  There  seems,  however,  to  be 
a  considerable  increase  of  motion  with  distance  from  the  center. 
We   have 


r=    <3' 

Mrot.  =  +o'foi2 

Mrad. 

=  +oroo6 

n=  26 

3'-  6' 

+  0.015 

+  0.006 

100 

6-  9 

+  0.021 

+  0.005 

103 

9  —  12 

+  0.022 

+  0.002 

98 

12-15 

+  0.024 

—  0.004 

69 

>i5 

+  0.024 

-0.015 

3 

'1 


These  rotational  components  correspond  to  hypothetical  periods 
of  from  60,000  to  240,000  years. 
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b)  The  mean  stream  component  is  +oTo2o=to''ooi,  with  a 
transverse  component  —  o''oo3i±:o''ooi.  With  the  increasing 
distances  from  the  center  we  find 


r=   <3' 

Mstream 

=+o':oi3 

Mtrans. 

=+o':oo2 

n=  26 

3'-  6' 

+0.017 

+0.001 

100 

6-  9 

+0.022 

-0.003 

103 

9—12 

+0.023 

—0.004 

98 

12-15 

+0.023 

—0.009 

69 

>i5 

+0.021 

—0.019 

3 

With  these  measures  on  M  t,^  we  have  reached  the  end  of  the  work 
which  can  at  present  be  done  advantageously  on  the  internal  motions 
in  spirals.  Only  two  or  three  other  spirals  were  photographed  with 
the  60-inch  reflector  between  1910  and  191 2,  and  these  objects  do 
not  show  images  sharp  enough  to  promise  any  further  advance  in 
our  knowledge  of  internal  motions.  Since  it  seems  wise  to  defer 
further  measures  until  plates  taken  with  the  100-inch  Hooker  tele- 
scope become  available,  it  is  appropriate  to  summarize  and  discuss 
the  results  thus  far  obtained. 

Seven  spirals  have  been  measured,  viz.,  M  7,7,,  51,  63,  81,  94,  loi, 
and  N.G.C.  2403,  all  of  which  definitely  show  an  internal  motion, 
best  interpreted  as  a  motion  outward  along  the  arms.  The  ques- 
tion as  to  the  reality  of  the  displacements,  which  are  very  small, 
may  be  answered  first. 

a)  The  instrument  with  which  the  photographs  were  taken 
was  for  most  of  the  plates  the  25-foot  arrangement  of  the  60-inch 
reflector.  That  the  displacements  are  instrumental  is  very  im- 
probable; there  is  no  reason  why  the  old  plates  should  differ  in 
appearance  from  the  new  ones  in  such  a  way  as  to  produce  a  dis- 
placement of  the  nebular  points  with  respect  to  the  comparison 
stars  corresponding  to  rotational  or  stream  motion.  It  is  true  that 
in  practically  all  cases  the  comparison  stars  were  in  the  mean 
brighter  than  the  nebular  points.  This  might  give  rise  to  a  magni- 
tude error,  but  such  an  error  could  produce  only  a  bodily  shift  of 
the  nebular  points  with  respect  to  the  comparison  stars,  or  a  radial 
shift  due  to  curvature  of  the  field  and  the  smaller  mean  distance 
of  the  nebular  points  from  the  center  than  of  the  comparison  stars. 
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But  relative  motion  along  the  arms  of  the  spirals  cannot  conceivably 
be  caused  by  the  instrument.  ^Moreover,  it  would  be  strange  if  the 
instrument  produced  a  left-handed  twist  for  the  left-handed  spirals, 
M  51,  81,  and  loi,  and  a  right-handed  twist  for  the  right-handed 
spirals,  M  ^t,,  63,  94,  and  N.G.C.  2403.  Further,  three  of  the  plates 
measured  were  taken  with  the  36-inch  reflector  of  the  Lick  Observa- 
tory, and  two  with  the  80-foot  arrangement  of  the  60-inch  reflector. 
Last  of  all,  similar  motions  have  been  found  in  M  51  by  Kostinsky, 
Lampland,  and  Schouten,  from  observations  with  three  other  smaller 
instruments. 

b)  The  possibility  that  the  displacements  are  due  to  a  dif- 
ference in  quality  in  old  and  new  plates  is  also  extremely  small, 
A  difference  in  quality  of  the  images  or  in  the  density  of  the  plates 
might  cause  a  slight  difl"erence  in  the  bisections,  because  of  asym- 
metry in  the  images  of  the  nebular  points.  As  a  whole,  the  older 
plates  taken  by  Ritchey  are  of  extremely  good  quality,  and  many  of 
the  newer  plates  are  equally  good.  Of  the  Lick  photographs  of 
M  loi,  the  1908  plate  was  considerably  better  than  that  of  1899. 
Of  the  two  plates  of  M  33,  taken  at  the  80-foot  focus  of  the  60-inch 
reflector,  the  later  plate  is  also  of  considerably  better  quality.  As 
far  as  the  density  of  the  photographs  is  concerned,  the  exposure 
times  of  the  new  plates  taken  with  the  60-inch  reflector  have  all 
been  made  so  nearly  equal  to  those  of  the  old  plates,  that  no  differ- 
ence in  the  density  can  be  seen;  neither  the  quality  nor  the  density 
can  therefore  account  for  the  displacements  found. 

c)  In  measuring  the  plates,  three  machines  were  used:  the 
Zeiss  stereocomparator,  the  new  stereocomparator  built  in  our 
instrument  shop,  and  an  auxiliary  instrument  used  for  some  test 
measures.  For  the  last,  two  plates  of  M  loi  were  mounted  side  by 
side  on  the  moving  stage  of  an  ordinary  measuring  machine,  which 
was  fitted  with  an  extra  microscope,  one  for  each  plate,  thus  per- 
mitting differential  measures.  It  is  clear  that  defects  in  the  optical 
system  of  the  stereocomparator  could  never  re\'eal  themselves  as  a 
rotatory  motion  of  the  nebular  points,  without  equally  affecting 
the  comparison  stars.  Aloreover,  the  effect  of  such  defects  would  be 
eliminated  in  the  reductions.  Further  in  the  case  of  M  t,t,,  81,  loi, 
and  N.G.C.  2403,  three  or    more   plates  were   measured.     As  an 
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extra  precaution,  care  was  taken  in  all  these  cases  to  measure  the 
plates  partly  with  the  older  plate  in  the  left-hand,  and  partly  in  the 
right-hand  plate-carrier  of  the  stereocomparator.  This  precaution 
would  also  eliminate  any  influence  due  to  a  possible  curvature  in 
the  rails,  either  horizontal  or  vertical,  that  guide  the  plate-carriers. 
Finally,  several  other  plates  measured  for  proper  motion  in  both 
stereocomparators  have  never  shown  any  rotational  efifects  what- 
soever. 

d)  The  measures  were  practically  all  made  by  the  author. 
Mr.  Nicholson,  however,  was  kind  enough  to  make  enough  check 
measures  on  M  loi,  both  with  the  Zeiss ^stereocomparator  and  with 
the  auxiliary  machine,  to  avoid  any  doubt  as  to  the  results.  Lately 
Mr.  Lundmark  has  carried  out  measures  on  M  t,^,,  and  his  results 
seem,  as  a  whole,  to  corroborate  those  by  the  author.  Finally, 
there  are  the  measures  by  Kostinsky,  Lampland,  and  Schouten 
mentioned  under  (a). 

If,  then,  the  results  obtained  in  all  seven  spirals  measured  are 
to  be  taken  as  real  displacements  of  the  nebular  points  with  respect 
to  the  comparison  stars,  as  apparently  must  be  done,  there  are  only 
two  possible  explanations:  either  the  comparison  stars  show  a 
vortex-motion  around  the  spirals,  which  to  say  the  least  is  very 
improbable,  of  the  spirals  show  a  rotatory  or  stream  motion.  The 
beautiful  work  of  Jeans  has  given  us  reason  even  to  anticipate  such 
motions.  He  has  shown  that,  in  a  highly  compressible  mass  of 
rotating  gas,  as  a  gaseous  nebula  undoubtedly  is,  we  must  expect 
shrinking  as  a  result  of  radiation.  The  rotation  must  become  faster 
and  faster,  until  the  nebula  takes  on  the  shape  of  an  oblate  spheroid ; 
the  spheroidal  shape,  however,  is  soon  departed  from,  and  at  a  cer- 
tain critical  speed  a  sharp  equatorial  edge  is  developed.  With  still 
further  contraction  and  accordingly  higher  speed  of  rotation,  the 
particles  which  form  the  sharp  edge  are  left  behind.  It  does  not 
matter  if  they  are  thrown  off  at  all  points  equally  or  not.  Neither 
rings  of  gas  nor  jets  of  gas,  which  must  appear  at  two  antipodal 
points  when  other  heavenly  bodies  are  present,  can  be  stable;  they 
must  tend  to  form  condensations  or  nuclei.  In  the  sky  we  find 
plenty  of  examples  of  development  such  as  just  described.  Three 
stages  are  shown  in  Plate  XX,  N.G.C.  4486, 3 115,  and  4565,  examples 


PLATE  XX 


flf.     ' 


a)    N.G  C.  4486;    h)    N.G.C.  3115;    c)   N.G.C.  4565 
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of  the  nearly  spherical  nebula,'  the  lenticular  figure,  and  the  spiral 
seen  edgewise.  That  N.G.C.  4565  is  really  a  spiral  cannot  be 
doubted.  The  universe  has  revealed  so  many  spiral  nebulae  inclined 
at  different  angles  to  the  tangential  plane  of  the  celestial  sphere 
that  it  is  quite  certain  M  t,2>  ^"^^  N.G.C.  4565  belong  to  the  same 
class  of  objects.  That  the  spirals  show  rotation  around  the  smaller 
axis  has  been  proved  spectroscopically  in  six  or  seven  spirals  whose 
planes  are  inclined  to  the  celestial  sphere.  No  object  tested  thus 
far  has  shown  a  lack  of  rotation.  It  thus  seems  only  logical  to  inter- 
pret the  displacements  observed  in  those  spirals  which  are  viewed 
perpendicularly  to  their  planes  as  motions  corresponding  to  the  rota- 
tion found  spectroscopically.  In  only  two  of  the  spirals  measured  has 
it  been  possible  to  detect  spectroscopic  motion  as  well.  Some  of  the 
others  form  so  nearly  an  angle  of  90°  with  the  line  of  sight  that  no 
spectroscopic  results  can  be  expected,  while  others  are  so  faint  that 
no  spectroscopic  results  have  as  yet  been  secured.  For  M  81  Wolf^ 
has  observed  rotation  in  the  central  nebulous  part  within  which  it 
has  been  impossible  to  secure  measures  from  the  photographs. 
For  M  2)2)  J  however,  it  has  been  possible  to  observe  both  the  radial 
velocity  and  the  motion  perpendicular  to  the  line  of  sight  for  the 
same  point,  viz.,  the  bright  knot  10'  nf  the  nucleus.  Taking  into 
account  the  probable  inchnation  of  the  nebula  with  respect  to  the 
tangential  plane  of  the  celestial  sphere,  we  can  gain  some  idea  of 
the  order  of  the  parallax  of  the  nebula;   the  result  is  7r  =  o''ooo5. 

Happily  there  are  other  means  for  obtaining  an  idea  of  the  dis- 
tances of  spiral  nebulae.  Jeans  has  shown  that  mathematical  theory 
not  only  predicts  that  condensations  will  form  in  the  arms  of  the 
nebula,  but  also  predicts  how  far  apart  these  condensations  will  be. 
The  comparison  of  these  calculated  mean  distances  with  the  mean 
distances  as  they  appear  in  the  sky  provide  a  second  means  of  esti- 
mating the  distances  of  the  nebulae.     In  this  way  Jeans-'  estimated 

'  Although  it  cannot  be  decided  whether  this  particular  nebula  is  a  spherical 
object  or  a  disk  perpendicular  to  the  line  of  sight,  the  large  percentage  of  round  or 
nearly  round  nebulae  found  among  the  structureless  objects  makes  it  probable  that 
many  of  these  are  spherical. 

^  Viertcljahrssckrijt  dcr  Aslronomischen  Gesellschafi,  49,  162,  1914. 

5  The  Nebular  Hypothesis  ayid  Modern  Cosmogony:  Being  the  Halley  Lecture 
delivered  on  23d  May  ig22,  Oxford,  1923.  * 
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the  parallax  of  the  Andromeda  nebula  to  be  o''ooo6;  of  M  loi, 
o''ooii;   and  of  M  51,  o''oo65. 

We  have  further  possibilities  of  estimating  the  mean  parallax  of 
the  larger  spiral  nebulae.  Curtis^  gives  ©''033  as  the  average  annual 
motion  of  sixty-six  large  spiral  nebulae.  In  a  recent  paper^  I  have 
shown  that  Curtis'  results  cannot  be  due  to  the  influence  of  acci- 
dental errors  as  was  once  assumed  by  Curtis  himself.  Comparing 
this  mean  proper  motion  with  the  mean  radial  velocity  of  about 
thirty  objects  (600  km/sec.)  for  which  the  line-of-sight  motion  has 
been  determined,  we  derive  a  mean  parallax  of  o''ooo26.  Finally, 
we  may  quote  again  the  values  recently  derived  for  the  mean 
parallax  of  sixty-seven  and  eighty-two  spirals  whose  motions  were 
determined  by  Curtis  and  Lundmark,  respectively.  Using  600 
km/sec.  for  Campbell's  K-term,  the  mean  parallaxes  are  o''oooi3 
and  o''oooi5,   respectively. 

All  this  material  seems  to  point  to  parallaxes  for  the  larger  spiral 
nebulae  between  a  few  ten-thousandths  and  a  few  thousandths  of  a 
second  of  arc.  With  such  values  the  diameters  of  the  spirals  range 
from  a  few  light-years  to  several  hundred  light-years.  Since  our 
present  estimates  of  the  Milky  Way  system  vary,  according  to 
different  authorities,  from  20,000  to  300,000  light-years,  it  is  clear 
that  the  present  material  indicates  that  the  spirals,  while  enormous 
in  size  as  compared  with  our  solar  system,  are  not  at  all  comparable 
with  the  Milky  Way  system. 

In  concluding,  I  wish  to  express  my  sincere  thanks  to  Messrs. 
Ritchey,  Pease,  Humason,  and  Duncan,  who  have  secured  the  neces- 
sary photographs  to  carry  out  this  work,  and  to  Miss  Davis  and  Mrs. 
Marsh,  of  the  Computing  Division,  who  have  assisted  in  the  numerous 
reductions  involved. 

Mount  Wilson  Observatory 
March  1923 

^Publications  of  the  Astronomical  Society  of  the  Pacific,  27,  217,  1915. 
'  Ml.  Wilson  Contr.,  No.  243;  Astrophysical  Journal,  56,  208,  1922. 


THE  VACUUM-SPARK  SPECTRUM  OF  SILICON 

By  R.  a.  sawyer  and  R.  F.  PATON 

ABSTRACT 

Vacuum-spark  spectrum  of  silicon,  X  6700-X  2100. — Silicon  electrodes  less  than  a 
millimeter  apart  were  mounted  in  a  suitably  designed  brass  box  with  a  quartz  window, 
the  best  obtainable  \'acuum  was  produced,  and  a  highly  condensed  spark  was  obtained 
by  the  use  of  70,000  volts.  Lines  of  iron,  aluminum,  calcium,  and  oxygen  and  the 
strongest  lines  of  hydrogen,  nitrogen,  copper,  zinc,  and  titanium  appeared  as  impurities. 
The  wave-lengths  of  227  lines  attributed  to  siUcon  in  the  region  X  6700-X  2100,  together 
with  the  measurements  of  other  observers,  are  given  in  Table  I.  An  additional  75 
lines,  listed  in  Table  II,  are  given  as  doubtful,  since  they  were  faint  lines  appearing  on 
only  one  plate.  In  the  intervals  X  6700-X  5500  and  X  4070-X  3400  the  wave-lengths 
are  believed  to  be  accurate  to  within  0.2  A  and  in  the  intervals  X  5500-X  4070  and 
X  3400-X  2100  to  within  o.i  A. 

I,      INTRODUCTION 

Silicon  is  one  of  the  most  widely  distributed  of  all  the  chemical 
elements,  but  is  difficult  to  isolate  in  a  pure  state.  Moreover  the 
slight  conductivity  of  pure  sihcon  renders  its  use  with  ordinary 
light  sources  very  difficult.  It  is  not  surprising,  then,  that  most  of 
the  earliest  spectroscopic  work  on  silicon  was  done  with  its  com- 
pounds only.  Kayser^  has  summarized  all  of  the  important  work 
on  silicon  up  to  191 2.  The  first  work  Kayser  mentions  dates  back 
as  far  as  1859,  when  Pliicker  investigated  the  light  given  off  by  an 
electrical  discharge  in  various  gases  and  vapors  in  a  Geissler  tube. 
Using  silicon  chloride,  Pliicker  found  four  lines  which  he  attributed 
to  silicon.  Of  those  who  followed,  Rowland  was  the  first  to  point 
out  the  presence  of  silicon  in  the  sun,  and  Lockyer  identified  silicon 
fines  in  the  spectra  of  many  of  the  stars.  Up  to  1912,  however, 
none  of  the  work  on  silicon  seems  to  have  been  particularly  satis- 
factory. 

The  most  recent  work  on  the  spectrum  of  silicon  was  done  by 
Sir  William  Crookes''  in  19 14.  He  succeeded  in  obtaining  some 
rather  pure  samples  of  silicon,  and  using  a  condensed  spark  between 

'  Handbuch  der  Spectroscopic,  6,  478-494. 
'^Proceedings  Royal  Society,  Series  A,  90,  512-520,  1914. 
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electrodes  of  this  silicon,  photographed  the  spectrum  with  a  prism 
spectrograph.  The  rapid  oxidation  of  the  silicon  made  it  very 
difficult  to  maintain  the  spark  and  necessitated  long  exposures. 
His  work  covered  the  region  X  6500  to  X  2100  and  he  published  the 
wave-lengths  of  43  lines,  including  most  of  the  lines  previously- 
recorded.  This  investigation  was  the  most  thorough  work  that  had 
been  done  on  silicon  up  to  that  time.  Since  the  work  of  Crookes, 
Fowler^  has  mentioned  observing  four  lines  in  the  visible  region 
of  the  spectrum,  not  previously  observed;  and  McLennan-  has 
extended  the  investigation  into  the  extreme  ultra-violet,  cataloguing 
some  seventeen  additional  lines. 

A  comparison  of  the  results  of  all  the  work  that  has  been  done 
on  silicon  brings  out  the  fact  that  no  two  observers  have  the  same 
list  of  hnes,  and  also  shows  that  even  in  the  lines  that  have  been 
recorded  by  several  observ^ers,  the  disagreement  in  wave-length 
seems  almost  unaccountably  large.  This  disagreement  may  be 
partly  accounted  for,  however,  by  the  fact  that  many  of  the  silicon 
lines  are  especially  broad  and  hazy  when  produced  at  atmospheric 
pressure. 

The  importance  of  having  accurate  and  complete  results  on  the 
spectrum  of  silicon  can  well  be  realized  when  one  considers  the  wide 
terrestrial  distribution  of  this  element,  as  well  as  the  fact  that  its 
presence  in  many  of  the  stars  has  been  definitely  established.  Com- 
plete and  accurate  data  on  the  spectrum  of  silicon  are  also  desirable 
to  throw  new  light  on  its  spectral  series,  the  details  of  which  have 
not  yet  been  completely  worked  out.  With  the  discovery  of  the 
vacuum-spark,  a  new  source  of  light  became  available  that  seemed 
to  have  particular  advantages  in  this  problem.  The  use  of  the 
vacuum-spark  in  extending  the  spectrum  into  the  extreme  ultra- 
violet,^ had  given  results  which  led  to  the  expectation  that  it  might 
give  new  information  in  the  rest  of  the  spectrum.  With  this  in 
mind,  it  was  decided  to  photograph  the  vacuum-spark  of  silicon 
in  the  region  covered  by  Crookes,  hoping  that  the  results  might 
give  more  accurate  information  concerning  the  wave-lengths  of  some 

'  Monthly  Notices,  74,  196-197,  1916. 
'Philosophical  Magazine,  30,  482-484,  1915. 
i  Astrophysical  Journal,  52,  2S6-300,  1920. 
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of  the  lines  and  even  add  to  the  already  known  list.  In  adapting 
the  vacuum-spark  to  silicon,  it  was  found  necessary  to  use  high 
voltage  and  extremely  good  vacua;  but  once  obtained,  the  spark 
was  brilliant,  of  a  reddish  3^ellow  color,  and  resembled  the  vacuum- 
spark  of  carbon. 

n.      DESCRIPTION   OF   APPAE_A.TUS   AND   MANIPULATIONS 

A  100,000-volt  closed-core  transformer  gave  the  necessary  vol- 
tage. Energy  was  supplied  to  the  primary  from  a  i  lo-volt  power  cir- 
cuit, and  controlled  by  a  hea\y  rheostat  in  series  with  the  primary. 
To  prevent  overheating  the  transformer  and  the  silicon  electrodes, 
a  commutator  switch  was  placed  in  the  primary  and  adjusted  so 
that  the  current  was  automatically  turned  on  forty  times  a  minute 
for  about  one  half  a  second  at  a  time.  One  terminal  of  the  high 
voltage  transformer  was  connected  directly  to  one  of  the  electrodes; 
the  other  terminal  was  grounded.  By  grounding  the  second  elec- 
trode, the  circuit  was  completed  with  only  one  Hne  charged  to  a 
dangerous  voltage. 

In  order  to  have  a  large  amount  of  energy  available  when  the 
spark  passed,  a  capacity  consisting  of  live  glass  condensers,  im- 
mersed in  oil  and  connected  in  series,  was  placed  in  parallel  with 
the  gap.  This  arrangement  gave  a  capacity  of  the  order  of  magni- 
tude of  one  one-hundredth  of  a  microfarad,  while  the  voltage  over 
any  one  condenser  was  not  sufficient  to  puncture  the  glass  dielectric. 

The  vacuum  was  obtained  with  two  mercury  diffusion  pumps 
designed  to  work  in  series,  and  a  small  oil  pump  as  a  pre-pump. 
The  vapor  pressure  of  the  mercur}^  at  room  temperature  was  too 
great  to  permit  a  sufficiently  high  vacuum  to  be  obtained.  To 
reduce  this  vapor  pressure,  a  glass  trap  was  sealed  in  between  the 
spark  box  and  the  pumps.  When  this  trap  was  immersed  in 
liquid  air,  the  pressure  due  to  any  vapors  present  was  sufficiently 
reduced  so  that  vacua  could  be  obtained  that  would  remain  non- 
conducting for  sparking  voltages  of  roughly  70,000  volts  with  a 
spark-gap  length  of  less  than  one  millimeter.  It  was  found  that, 
with  the  piunps  working  well,  such  a  vacuum  could  be  obtained  in 
about  five  minutes.  The  pressure  was  then  of  the  order  of  magni- 
tude of  one  ten-thousandth  of  a  millimeter  of  mercury  or  less. 
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Since  the  spark  box  was  heated  somewhat  by  the  spark  radiation, 
and  the  electrodes  themselves  heated  to  a  white  heat  the  instant 
the  spark  passed,  frequent  adjustments  of  the  spark  were  necessary. 
To  accomplish  these  adjustments  without  opening  the  box,  the 
electrodes  were  mounted  eccentrically  in  insulating  plugs  ground 
into  brass  tubes  soldered  to  opposite  ends  of  the  box.  The  elec- 
trodes could  then  be  rotated  inside  the  box  without  affecting  the 
vacuum.  One  electrode  was  mounted  on  a  nut  which  ran  on  a  shaft 
that  could  be  rotated  from  the  outside  in  such  a  way  as  to  move 
the  electrode  in  or  out  as  desired,  and  thus  regulate  the  distance 
between  the  electrodes.  The  box  was  made  with  one  removable 
side.  Leakage  was  prevented  by  the  use  of  a  rubber  gasket  and  a 
rubber  stopcock  grease  prepared  for  the  purpose.  This  removable 
side  made  it  possible  to  renew  the  electrodes  and  clean  the  windows 
through  which  the  spark  was  photographed. 

The  electrodes  themselves  consisted  of  small  pieces  of  elementary 
silicon  mounted  in  brass  clamps.  Pure  silicon  is  very  hard  and 
brittle,  and  the  electrodes  could  be  shaped  to  rough  points  only  by 
chipping.  The  silicon  was  very  kindly  furnished  by  the  Carborun- 
dum Company  of  Niagara  Falls,  who  also  furnished  that  used  by 
Crookes  and  McLennan. 

With  the  electrodes  adjusted  so  that  they  were  all  but  touching, 
a  spark  could  be  obtained  with  a  comparatively  poor  vacuum.  This 
spark  was  very  feeble;  for  most  of  the  energy  available  was  dissi- 
pated by  conduction  through  the  gas  remaining  in  the  box.  With 
the  best  vacuum  that  could  be  obtained,  the  distance  between 
the  electrodes  could  be  made  somewhat  larger,  but  never  more 
than  about  a  millimeter  for  sihcon  electrodes.  The  spark  under 
these  conditions  was  extremely  brilliant.  The  electrodes  became 
white-hot  almost  instantly,  and  some  of  the  silicon  was  vaporized, 
eventually  fogging  the  windows  through  which  the  spark  was  photo- 
graphed. If  the  power  was  kept  on  for  more  than  a  second  at  a 
time,  occluded  gases  from  the  electrodes  and  their  insulators  were 
given  off  in  sufficient  quantity  to  stop  the  spark.  In  spite  of  the 
very  refractory  nature  of  silicon,  the  electrodes  were  worn  away 
rapidly,  and  frequent  adjustments  and  renewals  were  necessary. 

To  photograph  the  spark,  two  spectrographs  were  used,  both  of 
which  were  designed  and  built  during  the  course  of  this  research. 
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The  region  X  6700  to  X  4070  was  photographed  by  a  glass  spectro- 
graph of  the  Littrow  type.  A  3-inch  telescope  objective  lens  with 
a  focal  length  of  roughly  24  inches  was  used.  It  was  a  cemented 
doublet  and  gave  a  reasonably  flat  field.  The  refracting  angle  of 
the  prism  was  60°,  and  its  face  about  an  inch  and  a  half  across. 
The  entire  region  X  6700  to  X  4070  was  photographed  on  a  5-inch 
plate.  Exposures  with  this  instrument  extended  sometimes  over 
15-hour  periods,  making  it  necessary  to  house  the  entire  spectro- 
graph to  prevent  shifts  due  to  changes  in  temperature. 

The  region  X  4100  to  X  2100  was  photographed  by  a  quartz 
spectrograph  of  a  type  first  described  by  Fabry  and  Buisson.'  In 
this  instrument,  the  slit  was  mounted  directly  over  the  middle  of 
the  prism.  A  platinized  concave  mirror  of  32-inch  focal  length 
served  to  collimate  the  light  from  the  slit.  The  prism  consisted 
of  a  cemented  doublet  of  right  and  left  quartz — the  whole  having 
an  oblong  face  1.75  inches  high  and  a  refracting  angle  of  60°. 
The  light,  after  passing  through  the  prism,  was  focused  on  the 
plate  by  a  quartz  lens  whose  focal  length  was  35.7  inches  for  the 
"D"  lines.  The  use  of  only  one  quartz  lens  has  the  advantage  of 
making  the  focal  plane  of  the  instrument  more  nearly  perpendicular 
to  the  axis  of  the  lens,  since  the  colhmating  mirror  insures  paral- 
lelism of  the  beams  of  every  wave-length  incident  on  the  prism. 
The  inclination  of  the  plate  is  due  wholly  to  the  variation  with 
wave-length  of  the  focal  length  of  the  camera  lens.  Thus,  in  this 
instrument,  the  photographic  plate  is  at  an  angle  of  45°  to  the 
axis  rather  than  at  30°,  as  in  an  instrument  of  similar  power  but 
using  a  single  quartz  collimating  lens.  A  shorter  plate  is  thus 
used  and  yet  the  increased  sharpness  of  the  lines  due  to  the  lesser 
inclination  more  than  offsets  the  shortness  of  the  spectrum.  With 
the  quartz  instrument,  the  whole  region  from  X  6000  to  X  2000  was 
photographed  on  a  lo-inch  plate.  Only  the  region  X  4100  to  X  2000 
was  sufficiently  dispersed,  however,  for  satisfactory  measurements. 
The  copper  line  at  X  1944  has  been  photographed  with  this  instru- 
ment, but  no  lines  below  X  2100  were  observed  in  the  siHcon  spec- 
trum. 

For  the  region  X  6700  to  X  4070,  radiation  from  the  spark  was 
focused  on  the  slit  with  a  lens.     In  order  to  be  sure  that  the  radia- 

^  Journal  de  Physique,  9,  929,  1910. 
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tion  from  the  iron  comparison  arc  would  enter  the  sht  at  exactly 
the  same  angle  as  that  from  the  vacuum-spark,  the  arc  was  placed 
beyond  the  spark  box  and  on  the  extension  of  the  line  joining  the 
slit  and  the  silicon  spark  gap.  A  short  focus  lens  formed  an  image 
of  the  arc  between  the  spark  electrodes.  This  insured  identity  of 
source  for  the  known  and  unknown  spectrum.  The  iron  arc  was 
used  as  a  standard,  as  very  complete  data  on  the  wave-lengths  of 
these  spectral  lines  are  now  available.  These  data  were  taken  from 
results  obtained  at  Mount  Wilson'  and  at  Bonn/  Germany.  For 
the  quartz  instrument,  no  external  source  comparison  was  necessary 
as  it  was  found,  that  the  iron  occurred  as  an  impurity  in  the  siUcon. 
An  iron  comparison  spectrum  was  photographed  on  the  plate,  how- 
ever, to  help  in  identifying  the  spark  lines. 

For  the  visible  region,  a  special  type  of  panchromatic  plate, 
manufactured  by  Ilford,  London,  England,  was  found  most  satis- 
factory.    Ordinary  Seed  plates  were  used  in  the  ultra-violet. 

In  order  to  guard  against  any  possible  error  due  to  changes  in 
the  optical  set-up  during  any  one  exposure,  the  iron  comparison 
arc  radiation  was  admitted  to  the  spectrograph  at  the  beginning, 
at  the  end,  and  eight  to  ten  times  at  intervals  during  the  exposure. 
This  precaution  was  not  necessary,  of  course,  with  the  ultra- 
violet plates,  as  sufficient  standard  Hnes  existed  as  impurities  in  the 
silicon  spark  itself. 

III.      MEASUREMENTS   AND   RESULTS 

The  plates  were  measured  on  a  large  engine  kindly  made  avail- 
able by  the  Detroit  Observatory  of  the  University  of  Michigan. 
The  reductions  were  made  by  using  the  Hartmann  interpolation  for- 
mula, and  the  final  wave-lengths  expressed  in  International  Ang- 
stroms. The  results  show  that  the  probable  error  for  the  region 
X  6700  to  X  5500  is  about  0.2  angstroms;  from  X  5500  to  X  4070  less 
than  0.1  angstroms;  from  X 4070  to  X  3400  about  0.2  angstroms;  and 
from  X  3400  to  X  2 100  less  than  o.  i  angstroms.  It  is  unfortunate  that 
only  two  plates  were  obtained  with  the  quartz  instrument  and  the 

^  Astrophysical  Journal,  53,  260,  192 1. 

' Zeitschrifi  fiir  Wissenschaflliche  Photographie,  12,  207-235,  1913;  and  19,  i49~ 
157,  1919- 
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possible  error  is  therefore  larger  in  the  region  X  4070  to  X  2100. 
The  results  from  X  6700  to  X  4070  are  the  mean  observations  from 
eight  plates  and  are  correspondingly  more  reliable. 

In  general,  conclusions  as  to  the  accuracy  of  the  present  work 
were  drawn  from  the  variation  in  wave-lengths  of  the  Hnes  between 
indi\ddual  plates,  and  from  the  accuracy  with  which  determinations 
were  made  on  impurity  lines  of  known  wave-length.  It  is  of  inter- 
est to  note,  in  considering  the  accuracy,  that  interferometric  meas- 
urements of  wave-length  have  been  made  by  Fabry  and  Buisson  on 
three  ultra-violet  silicon  lines. ^  The  following  table  shows  the  com- 
parison of  their  results  with  the  present  work. 


Jiy  and  Buisson 

Vacuum-spark 

Intensity 

Difference 

2528.516 

2528.50 

5 

0.016 

2506.904 

2506.90 

4 

0.004 

2435-159 

2435-17 

5 

O.OII 

Such  an  agreement  as  this  leads  to  the  behef  that  the  error  esti- 
mates given  above  are,  at  least  for  the  strong  hnes,  conservative. 

Altogether  over  700  lines  have  been  measured  in  the  spark  spec- 
trum of  silicon,  and  of  this  number  some  400  have  been  identified 
as  due  to  the  elements  which  occurred  as  impurities  in  the  source. 
This  leaves  a  Hst  of  more  than  300  lines  that  have  been  ascribed  to 
silicon.  Of  this  number,  75  are  classified  as  "doubtful"  hnes  (see 
Table  II) .  These  lines  are  mostly  very  faint  and  have  been  observed 
on  one  plate  only.  Although  the  possible  error  in  their  wave-lengths 
may  be  somewhat  larger  than  for  the  rest,  and  in  many  cases  their 
actual  existence  may  be  in  doubt,  still  they  have  been  listed,  and 
e\idence  is  in  favor  of  retaining  them.  The  photographs  were 
taken  under  varying  conditions  as  to  exposure  time,  voltage  used 
on  the  spark,  length  of  spark  gap,  plate  developing,  and  kind  of 
plate;  and  many  other  hnes,  equally  faint,  have  been  measured  and 
found  to  be  due  to  impurities.  The  main  hst  (Table  I)  contains 
only  those  hnes  concerning  which  there  can  be  Kttle  doubt.  All 
possible  impurities  have  been  very  carefully  checked,  and  where 
there  was  any  reasonable  doubt,  the  line  in  question  has  been 
ehminated.  There  still  remain  in  this  hst  some  224  lines  where 
previously  less  than  80  had  been  observed. 

'  Astrophysical  Journal,  27,  169,  1908. 
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The  wave-lengths  are  given  in  International  Angstrom  Units, 
whereas  those  by  other  observers  are  in  the  Rowland  System.  In 
general,  the  wave-lengths  agree  fairly  well.  In  some  cases,  how- 
ever, there  exist  variations  of  more  than  an  angstrom.  Such  dis- 
agreement is  hard  to  explain,  and  no  such  disagreement  has  been 
found  in  the  results  from  the  various  plates  measured  during  the 
course  of  the  present  work.  The  lines  in  most  cases  are  sharp. 
General  fogging  of  the  plate  due  to  band  spectra  of  nitrogen  or 
carbon,  such  as  occurs  in  the  ordinary  spark  in  air  or  in  the  carbon 
arc,  is  entirely  absent.  Faint  lines  that  under  ordinary  conditions 
would  be  obliterated,  are,  under  the  conditions  of  the  vacuum-spark, 
measurable. 

Of  the  impurities  that  appeared,  only  a  very  few  can  be  attrib- 
uted to  remnants  of  gases  in  the  vacuum  chamber.  The  hydrogen 
line.  Ha,  showed  faintly  on  only  a  few  plates;  H/3,  on  two  plates; 
H7,  and  the  remaining  hydrogen  lines,  not  at  all.  A  few  of  the 
strongest  mercury  lines  were  recorded,  and  five  of  the  strongest 
nitrogen  lines.  The  strongest  copper  and  zinc  lines  appear,  coming 
probably  from  the  brass  clamps  in  which  the  silicon  was  mounted — 
there  was  usually  a  little  sparking  from  the  clamps.  The  lines 
which  appeared  due  to  impurities  in  the  silicon  itself  are  more 
numerous.  In  the  visible,  a  few  of  the  strongest  iron  lines  appeared, 
but  in  the  ultra-violet  practically  the  entire  spark  spectrum  of  iron 
was  observed.  The  appearance  of  the  iron  spectrum  made  unneces- 
sary the  use  of  a  separate  iron  arc  comparison,  and  eliminated  any 
possibility  of  lack  of  identity  in  position  of  the  silicon  and  the 
comparison  source.  Titanium,  which  Crookes  mentioned  as  the 
principal  impurity,  appeared  not  at  all  in  the  visible,  while  only  a 
few  of  the  very  strongest  lines  showed  faintly  in  the  ultra-violet. 
The  entire  spectrum  of  aluminum  appeared  in  the  visible,  together 
with  all  but  a  few  of  the  fainter  arc  lines  in  the  ultra-violet.  Of  the 
two  new  aluminum  lines  observed  by  Shallenberger,^  the  one  at 
X4150  came  out  strongly  on  all  the  plates,  but  the  other  one,  at 
X  2907,  showed  not  at  all.  All  of  the  strong  oxygen  lines  appeared 
faintly,  denoting  probably  a  trace  of  oxide  in  the  sample.  One 
boron   line    showed,  and    a  few    carbon   lines.     The    sodium   D 

'  Physical  Review,  19,  398-399,  1922. 
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lines  appeared  extremely  faint.  H  and  K  of  calcium  appeared 
strong,  together  with  the  calcium  line  at  X  4227.  Most  of  the  other 
strong  calcium  lines  appeared  on  some  of  the  plates.  The  resonance 
lines  of  magnesium,  barium,  and  strontium,  described  by  De 
Gramont'  as  "raies  ul times,"  were  also  photographed.  The  char- 
acter of  the  impurity  lines  showed  that  while  arc  lines  certainly 
appear  in  the  vacuum-spark,  the  spectrum  which  it  gives  tends  to 
emphasize  the  spark  lines. 

There  is,  of  course,  the  possibility  that  some  of  the  new  lines 
found  are  due  to  impurities  and  not  to  silicon.  To  guard  against 
this  possibility,  the  vacuum-spark  spectra  of  aluminum  and  of 
carbon  were  photographed  and  checked  against  the  silicon  plates. 
Only  the  aluminum  line,  X4150,  however,  was  thus  eliminated. 
The  vacuum-spark  spectra  of  iron,  calcium,  magnesium,  and 
titanium  were  photographed  through  most  of  this  region  by  Miss 
Carter,^  who  did  not  report  any  new  hnes.  As  the  principal  impuri- 
ties occurring  in  the  source  used  in  this  work  are  thus  covered,  the 
possibihty  that  any  of  the  new  Hnes  are  due  to  impurities  seems 
slight. 

In  comparing  the  results  obtained,  with  those  of  previous  observ- 
ers, the  number  of  new  lines  found  is  surprising.  With  but  one 
or  two  exceptions,  all  the  lines  that  have  ever  been  found,  either  in 
the  arc  or  spark  of  silicon,  have  been  photographed.  A  few  of  the 
lines  ascribed  by  some  to  silicon  have  been  assigned  to  impurities. 
Special  note  is  made  of  these  lines  in  Table  I.  The  intensities  are 
estimated  arbitrarily,  but  give  some  insight  into  the  nature  of  the 
lines,  and  agree  in  the  main  with  others.  Strangely  enough,  though, 
the  most  intense  line  in  the  ultra-violet,  X  2541.91,  has  been  missed 
by  some  observers,  and  no  one  before  found  it  to  be  the  strongest. 

Time  has  not  permitted  a  study  of  the  lines  for  possible  series, 
but  the  spectrum  certainly  contains  many  doublets  and  some 
triplets  of  constant  frequency  difference.  The  most  conspicuous 
is  the  set  of  doublets  having  a  frequency  difference  of  60  waves 
per  centimeter.  Sixteen  of  these  doublets  have  been  observed. 
Among  the  triplets,  the  difference  —74  —  34—  occurs  five  times  with 

^  Comptes  Rendiis,  171,  1105-1109,  1920. 
'  Astrophysical  Journal,  55,  162,  1922. 


288 


R.  A.  SAWYER  AND  R.  F.  PATON 


TABLE  I 
Vacuum-Spark  Spectrum  of  Silicon 


Wave-Length  in 
I. A.  Units 

Intensity 

Rowland 

Exner  and 
Haschek 

De  Gramont 
and  C.  de 
Watteville 

Eder  and 
Valenta 

Crookes 

2122.33 

2123-77 

2135.90 

2148.81 

0 
I 
2 

I 

2 
2 

3 
2 

3 

2 

3     • 
3 

2123.0 

2124.17 

2124.163 

2179.37 

2189.62 

2192.22 

2208.01 

2210.92 

2211.76 

2216.71 

22X8. II 

2208. O) 
2210.94 
2211.76 
2216.76 
2218.15 

2208.06 
2210.97 
2211.84 
2216.75 
2218. 13 
2218.97 

2208.8 
22II.O 
2212.0 
2217.2 
2218.7 
2219.5 

2208.1 

2210.9 

22II.8 

2216.76 

2218.15 

2219.5 

2208.048 
2210.987 
2211.839 
2216.882 
2218.227 

2228.86 

2 

3 
2 

I 
I 
2 
I 
2 
2 
I 
0 
I 

3 

2 
2 
2 
0 

I 
I 
2 

5 
2 

I 
I 
I 
2 
I 
I 
0 
I 
2 
I 
I 
I 
4 
4 
5 
3 

2287.06 

2299.86 

(l)        

2308.21 

2325.35 

2334.48 

2303-15 

2303  -  8 

2303-3 

2338.97 

2346.80 

2349-54 

2350.26 

2353.19 

2356.35 

2357-20 

2358.02 

2363.82 

2371.02 

2416.54 

2419.80 

2432.23 

2435-17 

(2)        

2443-47 

(2)      

(2)      

2449-70 

2452-12 

2480.04 

2481. 10 

2483-29 

2486.28 

2495-79 

2500.90 

2503-64 

2506.90 

2514-34 

2516.08 

2517-48 

2356-9 

2435-25 
2438.86 
2443 . 46 

2435-27 
2438.87 

2443  -  47 
2443  91 
2446.63 

2435-6 
2439-4 
2443-5 

2435-25 
2438.86 

2443  -  46 

2435.212 
2438.911 
2443 . 484 

2446.0 

2452.22 

2452.23 
2478.41 

2452-5 

2452.22 
2479-8 

2452.219 

2506.99 
251442 
2516. 21 

2507.01 

2514-41 
2516. 26 

2506.8 

2514-3 
2516.0 

2506.99 
2514.42 
2516.21 

2507-055 
2514.406 
2516. 131 
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Wave-Length  in 
I.A.  Units 

Intensity 

Rowland 

Exner  and 
Haschek. 

De  Gramont 
and  C.  de 
Watteville 

Eder  and 
V'alenta 

Crookes 

2519-22 

2524." 

2528.50 

2Sf -41 

(2)      

2541.91 

2559- 20 

3 
4 
5 
I 
I 
10 
4 

2519.30 
2524.21 
2528.60 

2519.30 
2524.21 
2528.60 
2532.45 

2519.2 

2524-3 
2529.0 
2533.0 
25350 

2519.30 

2524.21 

2528.60 

2533.2 

2534.7 

2541.89 

2519.276 
2524.110 
2528.585 

2541.90 

2541.970 

2568.8 

2569.0 

2568.8 

2570.78 

2580.35 

2593-71 

(2)      

2637.92 

2640.89 

2645-59 

2649-47 

•2650.73 

2658.29 

2672.43 

2675-25 

I 
I 
I 

4 
I 
2 
I 
0 
2 
0 
0 
2 

2631.39 

2631.38 

2631.39 

2631.370 

2659.0 
2673-3 

2677.4 

2682.42 

2687.75 

(*)      .... 

2 

2 

2689.8 

2695.28 

2697 .20 

2701.53 

2716.25 

2813.61 

2831.40 

2858.14 

2866.28 

2 

7 
2 
2 
2 
2 
I 
2 
I 
I 
0 
2 
5 
4 
3 
I 
I 

3 

I 

4 

2869.73 

2873.10 

2881.70 

2899.52 

2904.01 .... 

2881.70 

2881.73 

2881.7 

2881.70 

2881.690 

2905.59 

2924.04 

2976.42 

2987.99 

3002.37 

3012.55 

3034.37 

3043.70 

3086 .44 

2987.77 

2987.77 

2987.8 

2987-77 

2987.750 

3086.6 
3093 ■ 6 

3087.2 
3094.5 

3086.479 

3093.28 

3096.92 

3103.80 

3106.14 

3130.48.  .  . 

3093.694 

3147.01.  .  . 

3149.67 
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Wave-Length  in 
I.A.  Units 

Intensity 

Rowland 

Exner  and 
Haschek 

De  Gramont 
and  C.  de 
VVatteville 

Eder  and 
Valenta 

Crookes 

3165.78 

4 
3 

I 

31,85.28 

3188.85 

3191.I 

3192.69 

I 
2 
2 
2 

3 
2 

3 

4 

2    ■ 

2 

I 

0 

I 

3196.12 

3199.42 

3203.87 

3210.27 

3230.43 

3234.05 

3241.80 

(l)       

3247.684 

3258.45 

3270.33 

3313.85 

3333.48 

3438.444 

3464. 14 

2 

I 
2 

4 
0 
0 

I 
I 
I 
2 

3 
2 
2 
2 
2 
3 
4 
6 
I 
I 
2 
4 
4 
I 
2 
3 

3 
2 

3470.68 

^481. C^ 

3486.79 

3532.02 

3537.70 

3548. 24 

3563.61 

3570.05 

3576. 15 

3590. 77 

359I-0 

3702.01 

3713-23 

3762.42 

3774.74 

3791-13 

3796.18 

3791-8 
3796-5 
3806.90 

3791-5 
3796.0 
3807.0 

3791 -I 
3795-9 

3826.7 

3834-4 
3854.00 
3856.20 
3862.7s 

3796.364 

3806.60 

3806.802 

(2)      

(2)      

3853.01 

3854  02 
3856.19 
3862.80 

3853.812 

3856.09 

3856.0 
3862.5 

3856. 193 

3862.51 

3862.743 

3870.64 

3891-55 

3905.37 

3905 . 66 

3905-71 

3905  -  5 

^005.726 

3924-44 

3991-62 

(i)  This  line  apparently  due  to  copper. 

(2)  Lines  in  these  positions  attributed  to  iron. 

(*)  A  line  here  too  faint  to  measure  accurately. 
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Wave-Length  in 
I.A.  Units 

Intensity 

Rowland 

Exner  and 
Haschek 

De  Gramont 

Lunt 

Crookes 

4016.28 

I 

4021.0 
4030.1 

4058.49 

4088.88 

4102.62 

I 
6 
0 



4089 . 0 

4089.016 

4103.09 

4103.2 
4103 . 7 

4116.IS 

4128. II 

4130.96 

4183.67 

4190.92 

4198.25 

4212.66 

6 

8 

10 
0 
2 
2 
I 
I 
I 

I 
2 
I 
I 
I 
20 
16 
12 
I 
2 
I 
I 
4 
I 
0 
2 
I 

4 

I 

4116.35 
4128.20 
4131.08 

4128. I 
41310 

4128.2 
4131-3 

4128.189 
4131.192 

4191.I 

4191.00 
4198.43 

' 

4236.45 

4277-95 

4314-32 

4338-57 

4372-33 

4377-80 

4494- 02 

4552-50 

4567.66 

4574.66 

4619.60 

4631.22 

4632.94 

4638.36 

4654-08 

4665.76 

4673-45 

4683.10 

4709.20 

4716.71 

4730-52 

4552.75 
4567.95 
4574.90 

4552-5 
4567-0 
4574-5 

4552.82 
4567.82 
4774.86 

4552.841 
4568.123 
4574-823 

4764.20 

4776-58 

4800.43 

4813.28* 

4819-57* 

4828.84* 

I 
I 
3 
4 
6 
I 
I 
I 
I 
I 
I 
6 
8 
I 
0 
I 
I 

4837-97 

4842.35 

4883.51 

4907-50 

4921.86 

4943-16 

5041.17 

5043 
5057.3 

5045  -  5 
5060 . 0 

5042 . 4 
5057-1 

5042. 715 
5057-832 

5056.10 

5092.00 

5101.42 

5113.70 

5182.13 
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Wave-Length  in 
I.A.  Units 

Intensity 

Rowland 

Exner  and 
Haschek 

De  Gramont 

Lunt 

Crookes 

5185.64 

5193-21 

5196.62 

5202.85 

5219-05 

5240.63 

5295.66 

5417.36 

5438.58 

5456.61 

5469.18 

5472.90 

5494.82 

5576.23 

5589.18....... 

5593.82 

5632.72 

5639.13 

I 
I 
I 
2 
I 
0 
0 
I 
I 
I 
I 
I 
0 
0 
0 
0 
0 
I 

5645-83 
5665.78 
5684.71 
5690.65 

5669.63 

2 

5688.83 

5694.68 

5701.26 

5706.23 

5716.08 

5739- 2ot 

I 
0 
I 
I 
I       ' 

4 

5701.32 
5708.62 

5772.36 

5785.4s 

5800.25 

5806.30 

584s  -  06 

5867.33 

5914-7   

0 

I 
I 
I 
2 

I 

5948.77 

5948.  ? 
5960.3 
5978.9 

5957-80 

5979- 20 

6329.71 

6339-39 

6347-01 

6363.10 

6371.09 

6662.3   

6671.2   

2 
2 

I 

2 

6 

I 

4 

I 
I 

5960.3 
5981.3 

5961.6 

5982.0 

6342.2 

6347.1 

6342.2 

6346.9 

6346.962 

6369.7 

6371.4 

6369.7 

6372.2 

6371.032 

♦Observed  also  by  A.  Fowler,  "Silicon  Lines  in  the  Spectra  of  B-type  Stars,"  Royal  Astronomical 
Society,  Monthly  Notices,  76,  196-197,  1916. 
t  Observed  also  by  A.  Fowler  (ibid.). 

a  possible  sixth.  Several  other  frequency  differences  have  been 
observed,  but  unless  series  can  be  found  relating  them,  their  signifi- 
cance may  be  questioned  in  many  cases.  For  this  reason  they  are 
omitted. 
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In  conclusion  it  may  be  said  that,  so  far  as  is  known,  the  present 
work  is  the  only  extensive  work  on  the  spectrum  of  silicon  which  has 
been  published  in  International  units.     The  discovery  of  so  large  a 

TABLE  II 

Vacuxtm-Spark  Spectrum  of  Silicon 
(A  list  of  doubtful  lines  observed  on  one  plate  only) 


Wave-Length  in 
I.A.  Units 

Intensity 

Wave-Length  in 
LA.  Units 

Intensity 

2125.77 

0 

I 
I 
0 
0 
I 
I 
I 
I 
I 
I 
0 
I 
I 
2 
I 
I 
I 
I 
0 
0 
I 
2 
0 
I 
2 
I 
I 
2 
I 
2 
2 
I 
I 
0 
0 
0 

^420. ^2 

0 

2468.10 

%A2%. 66 

0 

2482.58 

'?4^o.  i;i 

0 

2ico!;.o^ 

^400. 61 

I 

2546.60 

■?6tI  .66 

2 

2<:66.  ^'i 

^661 .07 

0 

2';78. 22 

•^670. 40 

I 

2619.27 

26?4. ^s 

^681.^8 

I 

3779.47 

I 

2669.26 

?8^7.65 

I 

2672.43 

4141 .04 

0 

2678.31 

4^04. 1=; 

0 

2686.34 

4321 .81 

0 

2600. 64 

4324.40 

0 

2704.84 

4508. 21 

0 

2722.6^ 

4n00.62 

0 

2724.08 

4624.91 

4627. x^ 

0 

2785.45 

0 

270^.75 

4657. 20 

0 

2855.41 

46';o.  17 

0 

2856.76 

4900 .48 

0 

287c. 10 

4040 .72 

0 

2887.68 

4Q=;8. 10 

0 

29?8.o8 

s;iot  .q8 

0 

204 '?.  72 

5108.04 

0 

2952.83 

5206.66 

0 

2080. ?? 

5^02.75 

0 

2006.07 

5448 .46 

0 

^05^.02 

5451-91 

5466.70 

5540.16 

5622.  7,() 

0 

^121 . 00 

0 

■?266. 0^ 

0 

3276. 10 

0 

3281.64 

■^28^.  60 

5796.71 

5813-50 

5827-16 

6070.  27, 

0 
0 

•?4O2.06 

0 

^41^.41 

0 

3416.94 

6099-73 

0 

number  of  new  lines  shows  that  for  an  element  with  which  it  is 
very  difficult  to  get  results  when  the  usual  light  sources  are  used 
the  vacuum-spark  is  a  very  powerful  source. 
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A  SPECTROSCOPIC  METHOD  OF  DERIVING  THE 
PARALLAXES  OF  THE  B-TYPE  STARS^ 

By  W.\LTER  S.  ADAMS  and  ALFRED  H.  JOY 

ABSTRACT 

Spectroscopic  method  of  determining  the  absolute  magnitudes  of  B-type  stars. — The 
correlation  between  spectral  typ^and  absolute  magnitude  found  to  exist  in  the  case  of 
stars  of  the  A-type  of  spectrum  has  been  extended  to  those  of  the  B-type.  The  spectro- 
grams of  300  such  stars  have  been  classified  as  accurately  as  possible,  according  to 
the  Harvard  system,  and  the  character  of  the  lines  has  been  indicated  as  nebulous  or 
sharp.  With  the  aid  of  absolute  magnitudes  derived  (i)  from  trigonometric  parallaxes, 
(2)  from  the  moving  clusters  Pleiades,  Perseus,  Orion,  and  Scorpio-Centaurus,  (3)  from 
mean  values  obtained  by  Plummer,  Charlier,  Kapteyn  and  others,  the  correlation 
between  type  and  absolute  magnitude  has  been  established  for  these  stars.  The 
agreement  found  in  this  way  is  satisfactory.  The  mean  difference  between  spectro- 
scopic absolute  magnitudes  and  those  for  the  four  moving  clusters  is  —0.2,  and  for 
the  trigonometric  values  +0.4.  The  principal  uncertainties  arise  in  the  case  of  the 
0-type  stars  and  tlie  early  B-stars  with  sharp  and  diffuse  lines. 

The  mean  spectroscopic  absolute  magnitudes  for  zgg  of  the  stars  have  been  com- 
pared with  the  reduced  proper  motion  0.2  w+log  ju,  the  stars  being  divided  into  12 
groups  for  this  purpose.  The  curve  found  in  this  wa}'  is  nearly  a  straight  line  except 
for  the  stars  of  extremely  small  proper  motion.  This  result  yields  valuable  evidence 
for  the  accuracy  of  the  method  and  indicates  that  the  reduced  proper  motion  can  be 
used  to  derive  the  absolute  magnitudes  of  these  stars  with  a  considerable  degree  of 
precision. 

In  a  recent  publication^  we  showed  that  the  individual  parallaxes 
of  the  A-type  stars  could  in  most  cases  be  determined  with  a 
satisfactory  degree  of  accuracy  from  their  spectral  types.  A  close 
correlation  was  found  to  exist  between  absolute  magnitude  and  the 
subdivision  of  the  A-type  of  spectrum  based  upon  the  Harvard 
system  of  classification.  It  was  stated  that  similar  considerations 
could  probably  be  applied  to  B-type  stars  and  the  purpose  of  this 
communication  is  to  show  the  results  of  such  an  application  to 
about  300  stars  of  this  type  for  which  we  have  obtained  spectrograms 
at  Mount  Wilson. 

The  first  step  in  this  investigation,  as  in  the  case  of  the  A-type 
stars,  was  an  accurate  determination  of  spectral  type.  The 
Harvard  system  was  followed  as  closely  as  possible  and  use  was  made 
of  spectrograms  of  typical  stars  for  reference  purposes.     The  results 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  262. 
'  Mt.  Wilson  Contr.,  No.  244;  Astrophysical  Journal,  56,  242,  1922. 
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show,  in  general,  close  accordance  with  the  spectral  types  of  the 
Revised  Draper  Catalogue.  The  principal  differences  come  in 
types  B5  and  B8,  and  it  is  evident  that,  if  the  successive  subdivisions 
from  Bo  to  B9  are  to  be  considered  as  equal  steps,  the  interval  from 
B5  to  B8  is  too  large  as  compared  with  similar  intervals  preceding 
and  following.  Thus  the  difference  in  type  between  B2  and  B5, 
or  between  B8  and  Ao  is  greater  than  between  B5  and  B8.  The 
Harvard  observers  have  classified  no  stars  in  this  interval  and  it 
seems  probable  that  the  spectra  hsted  by  them  as  B5  could  be 
classed  advantageously  as  B7  and  the  other  subdivisions  revised  to 
correspond.  We  have  in  addition  adopted  provisionally  in  the 
case  of  the  Harvard  stars  of  type  Oe5  the  nomenclature  suggested 
by  H.  H.  Plaskett,'  using  the  notation  O5,  06,  etc.,  to  indicate  the 
dark  line  stars  immediately  preceding  Bo.  The  spectra  have 
further  been  characterized  by  the  letters  "n"  and  "s"  to  indicate 
nebulous  or  dift'use  and  sharp  lines,  respectively. 

The  correlation  of  these  spectral  types  with  absolute  magnitude 
was  first  attempted  through  the  use  of  trigonometric  parallaxes 
and  those  derived  from  moving  clusters  such  as  the  Pleiades, 
Orion,  Perseus,  and  Scorpius.  A  satisfactory^  relationship  was 
obtained  in  this  way,  but  it  seemed  desirable  to  make  use  in  addition 
of  the  important  statistical  investigations  of  Plummer,^  Charlier,^ 
Kapteyn,"!  and  others  on  the  mean  magnitudes  of  the  B-type 
stars.  Accordingly,  their  values,  which,  as  is  well  known,  show 
clearly  the  decrease  in  absolute  magnitude  with  advancing  spectral 
type,  were  combined  and  assigned  high  weight  in  the  construction 
of  our  reduction  curves. 

Since  many  of  the  trigonometric  parallaxes  of  the  B-type  stars 
are  negative,  it  is  not  possible  to  compute  the  absolute  magnitudes 
of  the  individual  stars  in  all  cases.  Accordingly,  the  procedure 
adopted  has  been  to  divide  the  stars  into  groups  with  a  small  range 
in  spectral  type  and  to  compute  the  average  absolute  magnitude 
for  each  group  on  the  assumption  that  the  sum  of  the  errors  of  the 

'  Publications  of  the  Dominion  Astro  physical  Observatory,  i,  No.  30. 
*  Monthly  Notices  of  the  Royal  Astronomical  Society,  73,  174,  191 2. 
3  Meddelanden  fran  Lunds  Observatorium,  .Serie  IT,  No.  14. 
^  Mt.  Wilson  Contr.,  No.  147;  Astro  physical  Journal,  47,  255,  1918. 


296  WALTER  S.  ADAMS  AND  ALFRED  H.  JOY 

trigonometric  parallaxes  for  the  stars  in  each  group  is  zero.     The 
formula  used  is  one  derived  by  Stromberg  and  has  the  form 

M=s+S  log Stto-s  log2io-°-^'» 

where   M  is   the   required   absolute   magnitude,   ttq  the  observed 
trigonometric  parallax,  and  m  the  aj)parent  magnitude. 

The  final  values  upon  which  our  curves  are  based  are  as  follows: 

Moving  Clusters  and  Trigonometric  Parallaxes 

Bosn     -2.8;   Bi.8n     -1.4;   B3.3     -0.6;   65.311     -o.i;   B8.2n    +0.3 
B1.7S     —1.9  B8.4S    —0.1 

Mean  Absolute  Magnitudes  from  Statistical  Investigations' 
Os  to  O9    -1.8;  Br     -2.4;  B4    -0.9;  B8. 5     0.0;  Ao    +0.4;  A2    +1.3 

In  addition  to  these  values  those  furnished  by  the  curves  for 
the  A-type  stars  are  available  for  stars  of  tyj^e  B8  or  later.  These 
are  in  good  agreement  with  the  results  of  Plummer  and  have  been 
adopted  directly. 

Two  outstanding  diOicultics  are  the  absolute  magnitudes  of  the 
0-type  stars  and  the  question  of  the  difference  in  absolute  magnitude 
between  stars  of  the  early  types  with  sharp  and  diffuse  lines.  The 
material  is  insufTicient  for  a  dcfmite  answer  to  either.  The  investi- 
gation of  Gyllenbcrg-'  on  stars  of  Harvard  type  Oe5  would  indicate 
that  their  average  absolute  magnitude  is  considerably  fainter  than 
the  probable  value  for  Bo  and  Bi  stars.  Accordingly,  we  have 
made  a  turning  point  in  our  curves  at  Bo  which  would  bring  them 
into  agreement  with  Gyllenberg's  result  at  about  08.  The  values 
for  these  stars  must,  however,  necessarily  be  uncertain. 

Our  investigation  of  the  A-type  stars  showed  that  the  average 
absolute  magnitude  of  those  showing  sharp  lines  was  about  0.7 
magnitude  brighter  than  that  of  stars  with  diffuse  lines.  This 
applies  to  spectra  as  early  as  B8.     In  the  case  of  stars  of  types 

'  These  include  the  results  of  Plummer,  Charlicr,  Kapteyn,  Dyson,  Gyllenberg, 
and  Malmquist. 

'  Arkivfor  Matematik,  Aslronomi  och  Fysik,  K.  Svcnska  Velenskapsakademien,  16, 
No.  24. 
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Bo  to  B5,  however,  the  question  is  ver>'  doubtful  on  account  of 
the  small  amount  of  material  available  for  study.  There  is  some 
indication  from  a  number  of  stars  in  Orion  of  average  type  about 
B2  that  the  stars  having  sharp  lines  are  somewhat  brighter  than 
those  with  diffuse  lines.  \\'e  have  made  a  partial  compromise 
by  drawing  two  curses,  one  for  stars  of  each  class  of  lines,  which 
come  together  at  Bo.  The  procedure  is  somewhat  arbitrary-,  but 
probably  no  ^  en-  serious  error  is  intrcxiuced  since  the  number  of 
stars  with  sharp  lines  between  tyj^H^s  Bo  and  B;  is  small.  It  is 
quite  possible  that  st^me  of  the  stars  in  Orion  which  have  sharp 
spectral  lines  and  great  intrinsic  brightness,  such  as  7  Orionis.  may 
resemble  the  c-dass  of  stars  of  high  luminosity  to  which  iS  Orionis 
of  type  B8  belongs.  In  the  absence  of  other  data,  however,  they 
have  been  includeil  in  our  list. 

The  values  resulting  from  our  reduction  cur\cs  are  as  follows: 

TABLE  I 


Sp«ctTuni 
O5-O9 

Bo 

Bi-..: 

Ba 

B3 

B4 

BS 

B6 

B7 

B8 

B9 

Ao 

Ai 

A» 


I>iffuse 


Siiarp 


-^5 

_;H- 

-3.1 

—  31 

-a. 4 

-3.t> 

-i-S 

—  2.0 

—0.0 

-15 

-0.6 

—  1.2 

-0.5 

—  I.I 

-0-3 

—  0.0 

—0.1 

—  o.S 

-H>.i 

-0.6 

+0.5 

—0.2 

+0.9 

+0.2 

+1-3 

+0.6 

+1.7 

+0.9 

These  values  have  been  used  in  the  determination  of  the  absolute 
magnitudes  of  ^;oo  stars  of  the  O  and  B  types  for  which  we  have 
spectrograms  at  Mount  Wilson.  The  list  is  given  in  Table  II. 
The  c-stars  have  been  includeil.  although  it  may  prove  that  as  in 
other  types  these  stars  require  separ.ite  treatment. 
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TABLE  II 


Boss  No. 


Spectrum 


M.W. 


H.D. 


M 


Spec. 


Group  or 
Trig,  v 


5- 
^18. 

52. 
67. 
68. 

118. 
124. 

159- 
169. 
224. 

263. 
265. 
284. 
340. 

347- 

379- 
412. 

419. 

425- 
457- 

459- 

48S. 

507- 
519- 
529- 

535- 
544- 
546. 
641. 
648. 

666. 
678. 
6S2. 
692. 
699. 

715- 
731- 
740. 
742. 
744- 

767. 
780. 

783. 
790. 
791. 


O.OIO 

•  034 
.028 

.017 
.016 

.021 

.028 

.022 
.014 

•  039 
■  .038 

.027 

.028 
.025 

.oil 

•  053 

•  035 

•  043 

.010 
.010 

.041 

.013 

•  015 
.013 
.005 

.009 
.012 
.019 
.022 

•  045 

■  054 

■  043 

.017 
.016 
.006 


■  039 
.038 

■  045 

.041 

.036 

•  032 
.049 
.044 

•  033 


Bgn 
B9n 
B9S 
Bsn 
B8n 

B8n 
B3S 
B9S 
Bgn 
B9S 

B9S 
B8n 
B9S 
Bgn 
Bgn 

B9S 
Bsn 

Bsn 

B8s 
cB6s 

Bgn 
B7S 

B2S 

CB3S 
Bss 

B8s 
Bin 
B8n 
B6n 
Bsn 

Aon 
B8n 
B9n 
B8s 
B9S 

B9n 
Ais 
B7n 
B4n 
B4n 

Bsn 
B4S 
B6n 
B3n 
Aon 


B8 
B8 
B9 
B3 
B9 

BS 
B3 


B9 

Bg 
B8 
B8 
B9 
B9 

B8 
B3 

B3 
B8 
BSP 

B8 

B3P 
Bip 
Bo 
Bs 

B8p 

B2 

Bs 

Bs 

Bs 

A2 
Bs 
B9 
Bs 
B9 

B9 
Ao 

Bs 
B3 
B3 

B3 
Bs 
Bs 
Bs 
A2 


+0.5 
+O.S 

—  0.2 
-0.6 
+0.3 

0.0 

-1-5 
— o.  2 
+O.S 

—  O.  2 

—  0.2 
+  0.3 

—  O.  2 

+O.S 
+0.5 


+0.2 
-0.8 

—  2.0 
-1.6 

—  I.O 

-0.6 

-2.8 
+  0.  2 
-0.6 
-0.4 

+  0.7 
0.0 

+O.S 
-0.6 

—  O.  2 

+  0.5 
+  0.8 
0.0 
-0.8 
-0.6 

-0.4 


-0.8 
+  0.9 


+o':oio 
.010 
.006 
.006 
.010 

.010 
.003 
.008 
.010 
.007 

.007 
.009 
.006 
.009 
.007 


—0.022 1 


—0.2 

.008 

—  1.2 

•  oos 

-o-S 

.017 

-0.6 

.ooS 

-0.8 

.005 

.oil 
.004 
.002 
.002 
.004 

.003 

.002 
.009 
.007 
.007 

.012 

.008 

.010 
.006 
.006 

.010 
.oil 

.008 

.006 
.007 

.007 
.007 
.007 

.008 
.013 


+0.010  I 


+0.017  t 


+0.013  g 
+0.009  g 

/  — O.OOI  t 
\  +O.OII  g 


+0.010  g 


+0.009  g 
+0.009  g 

+  O.OII  g 

+0.010  g 

+0.009  g 
+0 .  008  g 

+O.OII  g 

+0.010  g 
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Spectrum 


M.W. 


M 


Spec. 


Group  or 
Trig,  tt 


0.021 
.040 

.Oil 

.032 
.046 

■015 
.019 
■053 
•057 
.049 

.017 

•054 
.044 

■059 
.052 

•059 
•053 
•053 
.011 
.012 

.005 

•039 
.020 

■039 
.018 

.024 
.013 
.014 
.041 
.019 

.012 
.018 
.027 
.023 
.009 

.007 

.004 

■145 
.024 
.067 

.081 
.011 
.029 
.017 
■045 


Bgn 
B8s 
Bin 
B8n 

Boti 

Bis 
B8n 
B8n 
6911 
B7n 

B9n 
B9S 
6911 
B5n 
B8n 

B8n 
Bgn 
B8n 
B3n 
B7n 

Bgn 
B4n 
B2n 
Bin 
08n 

B4n 
B5S 
B4n 
B9n 
B6n 

B9n 
B7n 
B8s 
B4n 
Bos 

Bis 

B3S 

Aon 
Bgn 
Aon 

B3S 
B3S 
O9S 
B7S 
B^n 


Ao 
B8 
B3 
B5 

B5 

B2 
B8 
B8 
B8 
B5 

B8 

B5 

B8 

B5 
B5P 

B8 
B8 
B8p 

B3 
B8 

Bg 
Bs 
B3 
Bi 
Oe5 

B5 
B3 
B3 
Bg 
B6 

Bg 
B5 
B9 
Bo- 
Bo 

B3 

B3 

Ao 
B8 
Bg 

B3 
B3 
Bop 

B5 


+0.5 

-0.4 

-2.4 

0.0 

-0.4 

-2.3 
+0.3 
+0.2 
+0.5 
—0.1 

+0-5 
—0.2 

+0.3 
-0.4 
+0.3 

0.0 

+0.5 
+0.1 
-o.g 
— o.  I 

+0.5 
-0.6 

—  1.2 

—  2.0 
-2.4 

-0.8 

—  I.O 

-0.7 

+O.S 
-0.4 

0.0 
-0.4 
-0.7 
-0.8 
-3-0 

-2.3 


+o.g 
+0.5 
+1.1 

-1-5 
-1-5 
-3-0 
-0.8 
-0.4 


+o''oi2 
.007 
.002 
.008 

.020 

•003 
.009 
.019 
.010 
•013 

.012 
.014 
.008 
.012 
.029 

.008 
.022 
.010 
.005 
.008 

.013 
.007 
.005 
.010 
.005 

.006 
.005 
.006 
.010 
.007 

.007 
.007 
.006 
.010 
.004 

.006 

.ooS 

.017 
.oog 
•  013 

.011 
.004 
.002 

•013 
.008 


+0.010  g 

+0.008  g 
+0 .  006  t 
+0.011  g 


+0.014, 
+0.013 

+0.014 
+0.011 
+0.015 
+0.013 

+0.014 
+0.013 


+0.010  g 

—0.008  t 
—0.004  t 


+0.C18  t 
—0.026  t 

/  0.000  t 
1+0.007  g 
/+0.003  t 
\+o.oo7  g 


+0.017  t 


+0.007  g 
+0.011  g 
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Boss  No. 


1283... 
1284.. . 
1293... 
1295.., 
1301.. 

1303 ■• 

1304. . 
1307.. 
1310. . 

1314.. 

1318.., 
1320.. 
1328... 
1332. -. 

1339- ■ 

1339C. 
1340. . 
1346.. 
1349 ■• 
1354- • 

1357A. 
1357B. 
1361.. 
1363-- 
1364- ■ 

1365. . 
1366A. 
1366B . 

1370. . 

1375- ■ 

1382.. 
1389.. 

1398. . 
1398B. 
1399  ■  • 

1423- ■ 

I43S-- 

I507-- 
I5I7-- 
1523- ■ 


O.OIO 

.005 
.015 
.015 

.006 


.009 
.019 

.014 

.031 

■  039 

■  013 

.009 
.004 

.003 

.012 
.006 
.007 

.032 

.oil 
.oil 

.004 

.005 

.002 
.020 

.005 
.005 

.002 

.028 
.024 

.001 


.oil 
.014 

•  059 

.006 

•  015 
.123 
.007 


Spectrum 


M.W. 


B^n 

B2S 

Bgn 

B2S 

Bis 

B2S 

B9S 
B3n 
B9S 

B3n 

Bgn 
Bgn 
B4n 

B2S 

Bin 

B6n 
Bis 
B4n 
B3n 
B3n 

OSn 

B2S 
B2S 

OSn 

B2S 

B6n 
09n 
B9S 

Bin 

B4n 

B3n 
O9S 

Bon 

Bin 
B4n 

Bgn 
Bin 

CB2S 

B4n 
B5S 


H.D. 


B3 
B3 
B9 
B3 
Bi 

B2 

B8 
B3 
B9 

B2 

Ao 
Ao 
B3 
B3 

Bo 


B3 
B3 
B2 

B3 
Oe5 


Bi 

Oes 

B3 

Bi 
Oes 


Bo 
B3P 

Bi 
Bo 

Bo 


B3 

A2 

Bo 

cB2p 

B3 
B3 


-0.9 

—  2.0 
+0.7 

—  2.0 

-2.3 

—  2.0 

—  O.  2 
-0.8 

0.0 

-0.9 

+  0.5 
+  0.5 
-0.8 

—  2.0 


-0.4 
-2.6 

-0.6 
-0.9 
-0.9 


-1.4 

-0.3 
-2.4 

—0.2 

-2.4 
-0.6 

—  1 .0 

-2.8 

-2.8 

-2.4 
-0.8 

+0.3 

-2.4 

-2.3 
-0.8 

—  I.O 


Spec. 


Group  or 
Trig,  tt 


+o''oos 
.005 
.009 
.003 
.007 

.018 

.040 
.004 
.007 

.008 

.010 
.010 
.005 
.003 

.010 

.003 
.004 
.006 
.005 
.006 

.006 
.003 
.003 
.003 
.006 

.008 
.009 
.003 

.014 

.019 

.004 
.00:; 


.005 
.007 

.006 

.012 

.004 
.005 
.005 


+0.007  g 

+0.007  g 
+0.007  g 

/+0.021  t 

1+0.007  g 

—  0.002  t 


/  — 0.015  t 
1+0.007  g 


+0.007  g 
/-0.018  t 
1+0.007  g 

+0.007  g 


+0.007  g 
—  0.016  t 


/+0.008  t 
1+0.007  g 


+0.007  g 
/— 0.020  t 
1+0.007  g 

+0.007  g 


/+0.029  t 
1+0.007  g 

+0.074  t 
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Spectrum 

M 

M.W. 

H.D. 

o''o4i 

B2S 

B2 

—  2.0 

.021 

B8n 

B9 

+0.3 

.017 

B9S 

B9 

—0.  2 

■013 

B4S 

B2 

—  I.O 

.007 

Bis 

Bi 

-2.3 

.008 

08n 

Oes 

-2.4 

.012 

BSn 

B8 

+0.1 

.023 

B8s 

B8 

-0.4 

.019 

B6n 

B5 

—0.2 

•031 

B3S 

B3 

-1.8 

.009 

cBis 

cBsp 

-2.8 

.016 

O9S 

Oe 

-2.8 

.029 

B9n 

BS 

+0.5 

.042 

BSn 

BS 

+0.1 

.066 

Bgn 

B8 

+0.5 

.042 

B3n 

B3 

-o.S 

.016 

B2S 

B3 

—  2.0 

.024 

B311 

Bs 

-0.9 

.027 

BSn 

Ao 

0.0 

.014 

B3S 

B3 

-1-5 

.098 

Aon 

Ao 

+0.7 

.032 

B9n 

B8 

+0.5 

.052 

Ais 

BS 

+0.6 

.040 

B9n 

B9 

+0.7 

.031 

B4n 

B3 

-0.6 

.247 

B9n 

B8 

+0.5 

.021 

Aon 

Ao 

+0.9 

.074 

Aon 

Ao 

+0.9 

.008 

B2n 

B3 

—  1.2 

.052 

Bgn 

B9 

+0.5 

•054 

Bss 

B5 

—  I.I 

.048 

BSn 

B9 

+0.1 

•ois 

B9n 

Bq 

+0.5 

.009 

Bis 

Bop 

-2.3 

.013 

Bgn 

A2 

+0.5 

.049 

BSn 

B9 

+0.3 

.011 

Bsn 

B3 

-0.8 

.061 

B9n 

B9 

+O.S 

.020 

B3n 

B3 

-0.9 

.  no 

Aon 

A2 

+0.9 

•  135 

Bgn 

Ao 

+0.5 

•  054 

Aon 

A3 

+0.7 

.027 

B9n 

B9 

+0.7 

•  039 

Aon 

Ao 

+0.7 

■055 

Bsn 

B2 

-0.9 

Spec. 


Group  or 
Trig,  tt 


1-3 
6.1 


5-2 


+o''oo3 
.010 
.008 
.003 
.014 

.004 
.010 
.006 
.008 
.003 

.007 
.003 
.006 
.008 
.030 

.004 
.003 
.005 
.009 
.004 

.010 
.010 
.011 
.011 
.008 

.069 
.009 

•013 
.003 
.011 

.006 
.008 
.009 
.006 
.005 

.010 
.005 
.014 
.006 
.032 

•013 
.009 
.013 
.ooS 
.038 


+0.012  t 
—  0.004  t 


+0.006  t 
+0.012  t 
+0.022  t 


+0.055  t 


+0.039  t 
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Boss  No. 


3546. 
3604. 
3653- 
3724- 
3756. 

3820. 
3875. 
3915- 
3944- 
3946. 

3955- 


4008. . . 
4019. . . 
4028. . . 

4033 •• 
4034- • 
4037- • 
4038. . 
4041 . . 

4043- • 
4058. . 

4086. . 

4087C. 
4097.. 


4115- 
4117. 

4151- 
4178. 
4184. 

4198. 

4213- 
4291. 
4338. 
4345- 

4368. 
4427. 
4442. 
4468. 
4527- 

4548. 
4552- 
4562. 
4573- 
4576. 


6.2 
5-2 
5-6 
2.6 
5-8 

6.4 
6.3 
5-4 
5-6 
6.1  - 

S-2 

S-i 
5-4 
4.8 
5-2 

S-i 
4-7 
5-4 
5-4 
5-9 

5-9 
5-4 

2.9 

5-1 
5-6 

4-7 
4-3 

S-5 
5-2 
5-5 

4.9 
S-o 
6.4 
6.2 
5-6 

3-2 
5-4 

5-7 
5-7 
5-7 

3-9 
4-4 
5-1 
S.8 
6.2 


0-053 
.064 
.044 

■  049 
.026 

.029 
.029 
•051 
.028 
.016 

.028 
.014 

•  055 
.042 
.099 

•  037 

•  034 
.046 
.047 

•  034 

.046 

■  052 

•  031 

■  034 
.065 

.047 

•  034 
.009 
.024 
.026 

.028 
.042 
.011 
.038 
.008 


Spectrum 


M.W. 


Aon 
B6n 
B9S 
B3n 

Aon 

Aon 
B9S 
B9n 
B4n 
B9n 

B6s 
B6n 
Bsn 
B4n 
Aon 

B4n 
B3n 
B6n 
B4n 
B9n 

Bsn 

B6n 

Bon 

B3n 
B9n 

B2n 
B2n 
Bgn 
B4n 

Aon 

B3n 
B9n 
Am 
Bgn 
B3n 


H.D. 


Ao 

B8 

B9 

B3P 

B9 

Ao 
B9 
B9 
B3 
B9 

B5 
B8 
B8 

B3 
A2 

B3 
B3 
BS 
B3 
B8 

B5 
B8 

Bi 


M 


024 

B5S 

016 

Bsn 

108 

Aon 

023 

B9n 

006 

B2n 

014 

B2S 

026 

Bgn 

018 

B3S 

026 

B6n 

014 

Bos 

Ao 

B3 
B3 
B8 

B3 

A3 

B3 
cBSp 
Aop 
B3 
B3 

B5 

B5 
A2 
Ao 
B3 

cBsp 
A2 

B3 
B8 
Bi 


+0.9 
-0.4 
-0:4 

—  i.o 
+0.9 

+0.7 

—  0.2 

+0.5 
-0.8 

+O.S 

-0.8 

—  0.2 
-0.4 
-0.6 
+0.9 

-0.8 
-0.8 
—0.2 
-0.8 

+0.5 

-0.4 

—  0.2 


—  1.2 

+0.5 

—  1.2 
-1.6 

+0.5 
-0.8 
+0.9 

-0.9 

+0.7 
+  1-3 
+0.5 
-0.9 

—  I.I 

-0.5 
+0.9 

+0.5 
-1-5 

—  2.0 

+0.5 
-i-S 
—0.2 

-2.8 


Spec. 


+o''oo9 
.008 
.006 
.019 
.010 

.007 
.005 
.010 
.005 
.008 

.006 
.009 
.007 
.008 
.014 

.007 
.008 
.008 
.006 
.008 

.005 
.008 

.007 

.005 
.010 

.007 
.007 
.010 
.006 
.012 

.007 
.014 
.010 
.007 
.005 

.014 
.007 
.011 
.009 
.004 

.007 
.017 
.005 
.006 
.002 


Group  or 
Trig,  w 


+0.013 


+0.011  g 

+0.010  g 
+0.009  g 
+0.012  g 


+0.012  g 

/  — 0.019  t 

\+o.oo8g 

+0.009  g 


+0.012  g 
+0.015  t 

+0.006  g 


+0.008  g 


+0.002  t 
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Z'^2, 


n 

M 

5-4 

o''oo5 

6 

o 

.OIO 

S 

4 

.009 

6 

5 

.010 

6 

o 

.007 

•  5 

2 

•03s 

5 

8 

•  031 

5 

4 

.007 

5 

5 

.024 

5 

o 

.022 

5 

8 

.014 

7 

8 

.020 

5 

o 

.024 

5 

5 

.oil 

5 

6 

.018 

5 

4 

.025 

5 

8 

.002 

5 

2 

.025 

5 

I 

.009 

5 

4 

.017 

5 

4 

.013 

4 

I 

.129 

4 

9 

•  015 

5 

7 

.023 

5 

8 

•037 

5 

4 

.014 

5 

o 

.004 

0 

3 

.007 

5 

5 

■  015 

5 

8 

.022 

6 

5 

.029 

4 

9 

.012 

4 

8 

.051 

5 

4 

.024 

5 

4 

■  031 

6 

o 

.020 

5 

I 

.008 

6 

2 

.038 

5 

O 

.094 

5 

8 

.oil 

5 

2 

.016 

5 

9 

.025 

6 

5 

.009 

5 

b 

.017 

5 

4 

.006 

Spectrum 


M.W. 


H.D. 


M 


Spec. 


Group  or 
Trig,  x 


Bon 
Bin 
B6n 
B9n 
B8n 

Aon 
B3S 
B9S 
B8s 
B8n 

B3n 
B8n 
B6s 
B3n 
B8n 

B7S 
B6s 
B3n 
B6n 
B3n 

B4n 
Bgn 
B8s 
B8n 
Aon 

B8n 
B4n 
08n 
Bon 
Bsn 

B8n 
B5S 
Aon 
Bsn 
B9n 

B7n 
B4n 
B9n 
Aon 
B2n 

BSs 
B4n 
B4n 
B8s 
B3S 


cBo 
Bi 
Bs 


Ao 

B3 
B8 
B8 
B5 

B2 
B3 
Bs 
B3 


Bs 
B8 

B3 
Bs 
B3 


Bs 
B8 
A 

B9 

B 

Oes 


B3 

B3 
B3 
A3 
B3 
B8 

Bs 
B3 
A 
A 


B8 
B3 
Bs 
A 

B3 


-2.6 
-2.8 
— o.  2 

+0.5 
0.0 

+0.9 

-1-5 

—  o.  2 
-0.4 
+0.  2 

-0.9 
0.0 

—  I.O 

-0.9 
+0.3 

-0.8 
-0.6 

—  1.2 

-0.3 
-0.9 

-0.6 
+  0.5 
-0.4 
+  0.1 
+  0.9 

+  0.3 
-0.7 
-2.6 

-2.7 
-0.4 

+0.1 

—  I.  I 
+0.9 
-0-5 

+0.5 


-0.7 
+O.S 
+  1.1 
-1.9 

-0.6 
-0.7 
-0.6 
-0.6 
—  1.2 


+o''oo3 
.002 
.008 
.006 
.006 

.014 
.003 
.008 
.007 
.011 

•00s 
.003 
.006 
.00s 
.009 

.006 
.005 
.00s 
.008 
.005 

.006 
.019 
.009 
.008 
.010 

.010 
.007 
.002 
.002 
.006 

•  00s 
.006 
.017 
.007 
.010 

.006 
.007 
.007 
.017 
.003 

.007 
■  00s 
.004 
.006 
.oo^ 


+0.006  t 
+0.009  t 


+0.008  t 
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Boss  No. 


Spectrum 


M.W. 


H.D. 


Spec. 


Group  or 
Trig,  it 


5389- • 

5393- 

5405- 

5414 

5465- 

5474- 
SS12. 
5516. 
5525- 
5532- 

5550. 
5573- 
5585- 
5627. 
5629. 

5641- 
5653- 
5681. 
5687. 
5706. 

5738. 
5757- 
5796- 
5810. 
5856. 

5879- 
5933- 
5967- 
5973- 
6075. 

6128. 
6142. 


Bond  708 
4  Gemin. 


6.3 
6.0 
5-6 
50 
5-5 

5-6 
6.0 
S-6 
5-2 
5-4 


5-4 
6.0 

6.0 

6.3 
6.7 


0.005 
.025 
.018 
.004 
■015 

.028 
.011 
.004 
.  .018 
.012 

.026 
.052 
.038 
.001 
■015 

.036 
.006 
.036 
.011 
.026 

.028 
.019 
.011 
.013 
.021 

■037 
.032 
.024 
.017 
.016 


•033 
.006 


.020 
.014 


cB8s 
Bgn 
B8n 
Bsn 
B9S 

Ogn 
Bon 
B3n 
B8n 
Bis 

Aon 
Am 
B9n 
B3n 
B6n 

B9n 
B4S 
B9n 
09n 
B7S 

B9n 
B6s 
Bon 
B3S 
B2n 

Aon 
B7n 
B8n 
Bgn 
Bgn 

Am 
Bon 

B9n 

B2S 

B9n 


cB8p 
A 
B8 

B3 
B8 


Oes 

B 

B3 

B5 

Bi 

A 

A 

A 

B3 

B3 

A2 

B5 
A 

Oe5 
B5 

A 

B5 


B3 
B2 

B9 
B5 

B8 

A3 
B9 

A 
Bp 

B9 
Bi 

B9 


-0.6 

+0:5 
+0.1 
-0.4 
— o.  2 

-2.4 

-30 
-0.8 
+0.1 
-2.3 

+0.9 

+  1.3 
+0.7 
-0.8 


+0.5 

—  1.2 

+0.5 
-2.8 
-0.8 

+0.3 

—  I.O 

-3.I 

—  1.2 
-1.8 

+  1.1 
0.0 
+0.3 
+0.5 
+0.5 

+  1-5 
-30 

+0.5 
-1.6 

+0.5 


+o':oos 
.020 
.008 
.008 
.008 

.003 
.002 
.006 
.009 
.008 

.008 
.011 
.009 
.007 
.007 

.010 
.004 
.010 
.003 
.006 

.007 
.005 
.002 
.007 
.004 

.012 
.019 
.010 
.011 
.011 

.017 
.002 

.008 
.003 
.006 


— O.OII  t 


+0.004  t 


+0.030  t 

+0.038  t 

+0.005  t 


A  comparison  of  the  results  given  by  this  method  of  reduction 
with  those  derived  from  moving  clusters  and  from  trigonometric 
parallaxes  shows  a  satisfactory  degree  of  accordance.  Using  the 
values  of  Rasmuson  for  moving  clusters,  except  in  the  case  of  the 
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Orion  cluster  where  a  parallax  of  +©''007  has  been  assumed,  we 
find  the  following  results  for  the  absolute  magnitudes: 

No.  Cluster  Spec. 

Pleiades 8  -o^'i  +o^h 

Perseus 20  0.0  —0.5 

Orion 17  — 2.0  — 2.0 

Scorpio-Centaurus 11  —0.5  —  i.o 

The  very  remarkable  case  of  Voute's  star  of  large  proper  motion 
and  parallax,  Boss  15 17,  enters  into  the  results  for  trigonometric 
parallaxes!  The  spectrum  is  B4n.  The  comparison  for  stars  with 
positive  trigonometric  parallaxes,  including  and  excluding  this  star, 
is  as  follows: 

No.  Trig.  Spec. 

24 —0*^2  —  I*'o 

23 —0.4  —1.0 

The  difference  is  that  to  be  expected  from  the  effect  of  selection 
of  the  stars  with  positive  trigonometric  parallaxes,  for  which  alone 
absolute  magnitudes  may  be  computed.  This  necessarily  involves 
a  selection  of  the  positive  errors  in  the  determinations.  A  better 
comparison  would  be  furnished  by  the  use  of  the  formula  already 
employed  in  which  the  sum  of  the  errors  of  the  trigonometric 
parallaxes  is  assumed  to  be  zero.  For  34  stars  with  trigonometric 
parallaxes  the  mean  absolute  magnitude  derived  in  this  way  is 
—  1.4,  as  compared  with  the  spectroscopic  value  of  —  i.o.  It  is  of 
interest  to  note  that  of  the  trigonometric  parallaxes  (absolute),  24 
are  positive,  9  negative,  and  one  is  zero.  The  simple  mean  of  these 
trigonometric  parallaxes  is  +ofoii  and  that  of  the  spectroscopic 
parallaxes  is  +o!'oi2. 

The  catalogue  which  is  given  in  Table  II  contains  our  results  for 
the  absolute  magnitudes  and  parallaxes  of  stars  of  types  08  to  Bg 
with  the  addition  of  a  very  few  A-type  stars.  The  successive 
columns  give  the  Boss  number,  visual  apparent  magnitude,  total 
proper  motion,  mean  spectral  type  from  the  determinations  of 
Adams  and  Joy,  spectral  type  according  to  the  Revised  Draper 
Catalogue,  absolute  magnitude  and  parallax  derived  by  the  spectro- 
scopic method,  and  values  of  the  parallax  as  obtained  from  moving 
clusters  or  trigonometric  determinations.  The  absolute  magnitudes 
have  been  computed  separately  for  the  types  of  Adams  and  Joy 
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and  then  combined;  in  some  cases,  accordingly,  there  will  be 
slight  differences  from  those  furnished  directly  by  the  mean  spec- 
tral types.  For  stars  of  right  ascension  later  than  i8  hours  the 
Harvard  spectral  types  are  from  the  earlier  Harvard  publications. 
X  A  valuable  check  on  the  accuracy  of  the  absolute  magnitudes 
derived  by  this  method  is  furnished  by  the  relationship  of  M  to 
total  proper  motion.  For  such  a  comparison,  especially  when  a 
wide  range  in  apparent  magnitude  is  invoh^ed,  the  best  procedure 
is  doubtless  to  use  the  reduced  proper  motion  as  has  been  done  in 
the  case  of  other  stars  by  Lundmark  and  Luyten.^  For  each  star 
the  value  of  0.2  m-\-\og  fj,  has  been  computed,  and  the  mean  value 
of  M  has  been  derived  for  groups  of  stars  within  narrow  limits  of 
this  quantity.  For  very  small  values  of  the  proper  motion  the 
uncertainty  is,  of  course,  considerable. 

TABLE  III 


No. 


12. 
II. 

23- 

23- 
43- 
38. 
27. 
32. 

32. 
29. 
18. 

II. 

299 


O.  2  OT+log^ 


Limits 


<8.5o 
50-8.74 
75-8 
00-9 

15-9 
30-9 
40-9 
50-9 
60-9 
70-9 
80-9 


>9-95 


Mean 


8.19 
8.65 
8.90 
9.07 
9.  22 

9-34 
9-45 
9-55 
9-65 
9-74 
9.86 
10.07 


Mean  M 


—  2.01 
-1.49 

-1-37 
-1. 18 
-0.80 

-0.47 
-0.48 
-0.25 
-0.15 
+0.13 
+0.21 
+0.61 


The  results  are  shown  graphically  in  Figure  i.  The  curve  is 
very  nearly  a  straight  hne  except  for  the  stars  having  extremely 
small  proper  motions. 

The  same  conclusion  may,  therefore,  be  drawn  for  the  B-type 
stars  as  for  the  A-type  stars  discussed  previously,  that  the  dispersion 
in  absolute  magnitude  is  small  for  stars  of  the  same  spectral  subdi- 
vision with  the  same  character  of  spectral  lines.  Occasional  excep- 
tions no  doubt  occur,  as  illustrated  by  /3  Orionis  and  such  a  star  as 
Boss  1 51 7,  which  is  characterized  by  a  large  proper  motion  and 
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high  radial  velocity.  Whether  the  B-type  stars  with  bright  lines 
are  also  exceptional  in  their  behavior  is  less  certain;  but,  since  the 
reduction  curves  are  based  entirely  upon  the  stars  showing  absorp- 
tion lines,  it  has  seemed  preferable  not  to  include  material  which 
is  not  of  a  homogeneous  character. 


An  interesting  publication  by  D.  L.  Edwards  on  "Spectroscopic 
Parallaxes  of  the  Hotter  Stars"  has  appeared  while  this  investigation 
was  in  progress.  The  method  used  is  to  measure  the  relative 
intensities  of  the  heUum  lines  XX  4144  and  4388  against  the  hydrogen 
hues  H5  and  H7,  respectively,  and  to  determine  the  absolute 
magnitude  from  the  correlation  found  to  exist  between  these  two 
quantities.  To  some  extent  this  is  a  correlation  with  spectral 
type  and  in  the  case  of  the  stars  Hsted  by  Edwards,  comparison  of 
types  with  absolute  magnitudes  derived  from  the  parallaxes  which 
he  uses  does,  in  fact,  show  the  existence  of  such  a  relationship. 
The  successful  development  of  this  method  should  be  of  great 
value  in  showing  the  dispersion  in  absolute  magnitude  for  stars  of 
the  same  spectral  subdivision. 

Mount  Wilson  Observatory 
March  1923 
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EDWARD  EMERSON  BARNARD 

BY  EDWIN  B.  FROST 

Edward  Emerson  Barnard  was  born  at  Nashville,  Tennessee, 
on  December  16,  1857,  the  son  of  Reuben  and  Elizabeth  Jane  (Hay- 
wood) Barnard.  His  father  had  died  before  his  birth  and  his  mother 
was  obliged  to  support  herself  and  her  two  young  sons.  Those  were 
hard  times  for  poor  people  in  that  section  of  our  country,  and  they 
were  still  harder  after  the  Civil  War  came  on,  a  few  years  later, 
bringing  tragedy  to  all  on  the  scene  of  conflict.  The  lad's  memory 
of  the  flashes  of  artillery  at  the  Battle  of  Nashville  never  left  him. 
Later  in  his  youth  he  survived  an  attack  of  cholera,  when  that 
plague  raged  beyond  its  accustomed  habitat. 

His  mother  was  a  woman  of  character,  and  did  not  lose  her  taste 
for  culture  in  the  struggle  with  poverty.  The  name,  Emerson, 
given  to  the  young  son  in  honor  of  our  American  philosopher,  was 
an  evidence  of  this.  She  inspired  the  lad  with  a  desire  to  know  good 
literature,  although  his  opportunities  for  any  regular  education  in 
school  were  most  meager;  in  fact,  Edward  Barnard  attended  the 
common  school  only  two  months  in  his  life.  His  mother  had  a  taste 
for  art,  also,  and  partially  supported  herself  by  modehng  wax 
flowers.  That  she  had  impressed  upon  her  son  character  and  self- 
reliance  was  indicated  by  her  statement  that  the  lad,  when  less  than 
nine  years  old,  could  be  depended  upon  to  do  a  task  in  which  many 
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other  boys  had  failed.  A  photographer  in  Nashville  had  on  the 
roof  of  his  studio  a  ponderous  enlarging  camera  which  had  to  be 
kept  pointed  at  the  sun.  Most  of  the  lads  had  lacked  the  patience 
necessary  in  the  human  substitute  for  a  driving  clock,  and  went  to 
sleep  at  the  task.  Edward  Barnard  justified  his  mother's  con- 
iidence;  he  worked  in  that  studio,  in  various  capacities,  for  seven- 
teen years.  His  duties,  doubtless  often  monotonous,  were  fitting 
him  to  be  a  pioneer  in  the  photography  of  the  heavens. 

As  a  boy,  he  had  watched  with  wondering  eyes  the  starry  skies 
above  him.  as  he  lay  upon  an  old  wagon-box  in  the  yard;  and  he 
had,  indeed,  learned  to  know  the  stars,  but  not  their  names  or  their 
constellations.  A  young  man  employed  in  the  studio,  who  had 
mechanical  skill,  one  day  picked  up  in  the  street  the  small  objective 
of  a  broken  spyglass,  and,  making  for  it  a  paper  tube,  constructed 
a  small  telescope  for  the  young  apprentice.  With  this,  Edward 
Barnard  studied  the  stars  further,  but  still  without  the  means  of 
identifying  them,  until  chance  brought  into  his  hands,  somewhat 
later,  a  volume  of  the  works  of  Thomas  Dick,  who  enjoyed  a  con- 
siderable reputation  as  a  writer  on  astronomy  as  well  as  on  theology. 
It  seems  that  Barnard  found  his  first  star  map  here,  and  was 
delighted  to  learn  the  conventional  names  of  the  objects  with  which 
he  was  already  so  familiar.  Later,  he  put  together  a  better  instru- 
ment for  which  he  purchased  lenses  of  2j  inches  aperture. 

The  young  man  w^as  now  supporting  himself  and  his  mother  by 
his  daily  w^ork  in  the  studio,  but  his  passion  for  astronomical  obser- 
vation had  already  developed.  Through  rigid  economy  he  gratified 
this  passion  by  the  purchase,  in  1876,  of  a  5-inch  telescope,  equatori- 
ally  mounted,  from  John  Byrne,  of  New  York.  The  purchase  price, 
$400,  represented  some  two-thirds  of  a  whole  year's  earnings,  and 
thus  gives  sufficient  evidence  of  his  determination  to  acquaint  him- 
self with  the  science  of  astronomy.  In  1877  the  American  Associa- 
tion for  the  Advancement  of  Science  held  its  annual  session  at  Nash- 
ville, and  the  youth  of  twenty,  who  was  becoming  locally  well  known 
for  his  zeal  as  a  star-gazer,  joined  the  Association.  His  friends  per- 
suaded him  to  bring  his  telescope  and  meet  the  president  of  the 
Association,  Simon  Newcomb.  This  distinguished  astronomer, 
already  eminent  at  the  age  of  forty-two,  whose  researches  were  in 
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the  domain  of  theory  rather  than  in  observation,  advised  young 
Barnard  that  to  accompHsh  anything  important  in  astronomical 
research  he  must  first  be  well  grounded  in  mathematics.  This  advice 
might  have  discouraged  a  less  ardent  seeker  for  knowledge  of  the 
stars,  but  it  inspired  Barnard  to  do  just  what  was  advised.  He 
applied  himself  dihgently  to  elementary  mathematics  and  other 
common  items  of  education  which  he  had  been  obliged  to  neglect 
in  his  youth,  and  from  his  own  slender  earnings  hired  a  tutor  for 
some  branches  of  his  study. 

In  January,  1881,  while  still  an  employee  at  the  studio,  he 
married  Miss  Rhoda  Calvert,  who  was  born  in  Yorkshire,  England, 
and  had  come  to  Tennessee  a  few  years  earlier  with  her  brothers,  who 
were  artists  and  who  also  had  work  in  connection  with  the  studio. 
His  marriage  greatly  influenced  his  subsequent  career,  as  his  wife 
most  unselfishly  encouraged  and  helped  him  in  his  efforts  to  obtain 
a  better  education  and  to  overcome  some  cultural  deficiencies  of 
which  he  was  conscious.  She  proved  a  true  helpmeet  in  every 
way,  caring  for  the  household  in  a  most  prudent  manner  and  taking 
over  all  responsibility  for  his  now  invalid  mother.  This  made  it 
possible  for  him  to  improve  every  opportunity  that  presented  itself 
for  his  advancement. 

On  May  12,  1881,  Barnard  discovered  his  first  comet  in  the  morn- 
ing sky  near  Alpha  Pegasi.  He  found  it  again  on  the  next  night,  but 
could  not  afterward  locate  it,  and  inasmuch  as  he  did  not  send  out 
any  announcement  to  the  astronomical  world,  and  it  was  not  seen  by 
any  other  astronomer,  this  comet  was  never  assigned  a  place  in  the 
formal  records  of  astronomy — no  number  was  given  it  and  it  was 
not  counted  by  Mr.  Barnard  himself.  Of  course,  from  what  was 
later  known  of  his  reliability  and  skill  as  an  observer,  there  could 
be  no  question  as  to  the  certainty  of  his  observation,  but  at  that  time 
he  was  unknown  among  astronomers. 

This  accidental  discovery,  however,  developed  his  interest  in 
the  search  for  comets,  and  he  began  systematically  to  sweep  the  sky 
for  them.  His  diligence  was  rewarded  on  the  night  of  September  17 
of  the  same  year,  when  he  found  a  comet  in  the  constellation  Virgo. 
He  announced  the  discovery  to  Dr.  Lewis  Swift,  so  that  it  was 
observed  by  other  astronomers  and  received  the  name,  "Comet 
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1 88 1  VI."  Mr.  H.  H.  Warner,  who  had  established  at  Rochester, 
New  York,  the  private  astronomical  observatory  of  which  Dr.  Swift 
was  the  director,  had  taken  much  interest  in  astronomy  and 
offered  a  prize  of  $200  for  each  unexpected  comet  discovered  by  an 
N  American  observer.  The  award  was  made  to  Mr.  Barnard  for  the 
discovery  of  this  comet,  and  it  happened  opportunely,  for  at  that 
time  the  young  man  was  building  a  little  house  for  his  bride  and  his 
mother,  and  the  burden  of  paying  notes  on  borrowed  money  as  they 
came  due  was  a  serious  one.  Five  times  in  all  Barnard  received  this 
award  for  the  discovery  of  a  comet,  and  it  meant  to  his  family  the 
possibility  of. owning  their  modest  home.  That  dwelling  is  still 
known  in  Nashville  as  the  "Comet  House."  Few,  indeed,  are  the 
astronomers  whose  keen  eyesight  and  extraordinary  diligence  in  the 
quest  for  celestial  discovery  have  literally  provided  them  with  a  roof 
to  sleep  under.  It  was  very  little,  however,  that  he  slept  under  that 
roof  when  the  sky  was  clear. 

I  am  describing  these  circumstances  in  this  detail  because  they 
may  seem  almost  incredible  to  some  of  our  contemporary  European 
astronomers  who  have  reached  positions  in  our  science  in  university 
or  governmental  observatories  after  passing  through  a  very  definite 
and  uniform  course  of  study  and  training.  That  inborn  genius 
can  find  a  way  of  achieving  its  ideal  in  America,  we  may  call  to  wit- 
ness our  lately  departed  friends,  Burnham  and  Brashear,  as  well  as 
Barnard. 

A  year  later,  on  September  13,  1882,  the  second  recorded  comet 
(1882  III)  was  discovered  with  the  5-inch  telescope.  A  rather  dra- 
matic incident  occurred  a  month  later,  October  14,  of  which  we  have 
a  printed  record  in  Barnard's  own  words.  He  had  been  searching 
for  comets  through  the  early  part  of  the  night  and  had  set  his  alarm 
clock  for  a  later  hour,  in  order  to  get  some  much-needed  rest.  He 
says  that  when  the  alarm  clock  sounded  he  had  been  dreaming  of 
discovering  a  wonderful  field  of  comets,  big  and  little,  with  long  and 
short  tails,  in  his  field  of  view.  After  he  awoke,  he  began  sweeping 
in  the  neighborhood  of  the  Great  Comet  of  1882,  and  to  his  astonish- 
ment saw  twelve  or  fifteen  small  comets,  of  varied  appearance,  in 
the  vicinity.  He  had  obtained  positions  for  seven  or  eight  of  these 
when  the  dawn  came.    He  announced  his  discoveries  to  Dr.  Swift, 
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but  this  astronomer  did  not  distribute  the  information.  Speaking 
of  this  omission,  Mr,  Barnard  has  said:  "Whether  he  thought  that  I 
was  trying  to  form  a  comet  trust,  or  had  suddenly  gone  demented, 
has  never  been  clear  to  me."  These  comets  were  undoubtedly  real, 
and  fragments  of  the  Great  Comet.  Schmidt,  of  Athens,  reported 
one  such  object  which  he  observed  on  October  8,  another  was 
observed  by  E.  Hartwig  on  October  9,  and  still  another  by  Brooks, 
of  Phelps,  New  York,  on  October  21.  They  were  never  separately 
announced  in  the  list  of  comets. 

During  this  time,  young  Barnard  was  working  in  the  studio  by 
day,  for  a  Hvehhood;  and  studying,  by  himself  or  with  a  tutor,  on 
cloudy  and  moonh't  nights.  In  1880  he  planned  to  write  a  booklet 
on  Mars,  and  solicited  subscriptions  from  friends  in  Nashville  to 
cover  the  cost  of  publication.  We  have  been  unable  to  find  a  copy 
of  this,  which  was  planned  to  be  a  duodecimo;  and  it  is  doubtful 
whether  it  was  ever  actually  printed.  In  1883,  we  find  the  young 
amateur  conducting  an  astronomical  column  in  a  journal  known  as 
the  Artisan,  which  was  published  twice  every  month  at  Nashville. 
In  the  same  year,  friends  who  had  perceived  the  genius  of  the  young 
man  offered  him  a  fellowship  in  Vanderbilt  University  at  Nashville, 
giving  him  an  opportunity  to  devote  his  time  exclusively  to  his 
studies  and  to  make  use  of  the  6-inch  equatorial  of  the  small  obser- 
vatory of  the  university.  The  stipend  was  only  about  $300,  together 
with  a  house  on  the  university  campus,  near  the  observatory^,  and 
it  might  have  been  regarded  as  a  venturesome  step  for  a  young 
man  with  a  wife  and  a  mother  dependent  upon  him  to  give  up  his 
work  at  the  studio  and  endeavor  to  live  on  the  sum  pro\dded.  But 
his  wife  bravely  counseled  acceptance  of  the  offer,  and  said,  ''We 
will  get  along  somehow  " ;  and  they  did.  Barnard  became  enrolled 
as  a  special  student  in  the  school  of  mathematics,  at  the  same  time 
having  the  care  of  the  observatory.  Later,  he  received  an  appoint- 
ment as  instructor  in  practical  astronomy,  continuing  his  studies  in 
mathematics,  physics,  and  chemistry,  and  some  of  the  modern 
languages. 

The  young  astronomer's  first  trip  into  the  outer  world  was  made 
in  1884,  when  he  attended  the  meeting  of  the  American  Association 
for  the  .Advancement  of  Science  at  Philadelphia,  visiting  en  route 
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the  observatories  at  Cincinnati,  Allegheny,  Washington,  Harvard, 
Albany,  and  Princeton,  and  seeing  for  the  first  time  those  cities, 
together  with  New  York  and  Boston.  Every  economy  had  to  be 
practiced,  and  he  was  accustomed  to  avoid  unnecessary  hotel  bills 
by  traveling  in  day  coaches  at  night.  His  record  of  this  trip,  in 
daily  postal  cards  and  letters  to  his  wife. and  his  mother,  is  very 
humorous  and  interesting.  He  had  formed,  in  advance,  mental 
pictures  of  the  prominent  contemporary  astronomers,  and  many  of 
them  turned  out  to  be  quite  different  from  his  anticipations.  Thus, 
he  had  expected  that  Professor  E.  C.  Pickering  would  be  a  formal 
and  distant  dignitary,  as  might  befit  a  native  of  Boston  and  the 
director  of  the  Harvard  College  Observatory.  To  his  surprise,  he 
found  that  ''Professor  Pickering  is  comparatively  a  young  man,  and 
strongly  resembles  a  simple  countryman.  Had  anyone  shown  him 
to  me  on  the  street  and  told  me  that  was  the  famous  director  of  the 
Harvard  College  Observatory,  I  should  not  have  taken  his  word  on 
oath.  I  should  have  been  positive  there  was  a  mistake.  However, 
he  is  the  most  unassuming  man  that  you  can  imagine,  and  I  admired 
him  very  much,  indeed." 

The  meeting  at  Philadelphia  in  the  section  of  astronomy  was 
honored  by  the  presence  of  John  Couch  Adams,  of  Cambridge,  and 
Robert  Ball,  then  Astronomer  Royal  for  Ireland.  To  his  great 
regret,  Mr.  Barnard,  who  was  suffering  from  neuralgia,  could  not 
stay  through  the  evening  address  of  the  latter,  but  he  tells  of  the 
meeting  of  the  section  on  another  day,  when  an  American  astrono- 
mer (now  deceased),  who  had  speciahzed  on  the  theory  of  the  motion 
of  the  moon  and  who  thought  he  had  found  the  right  basis  for  a 
correct  theory,  was  giving  a  paper  on  his  favorite  topic.  The  situa- 
tion is  described  by  Barnard  as  follows : 

Now  this  same  problem  has  been  more  or  less  Adams'  hobby,  and  it  was 
interesting  to  watch  the  twitching  of  his  fingers  during  the  progress  of  the  paper. 
When  it  was  finally  through,  and  criticisms  were  in  order,  he  quickly  rose  and 
in  the  most  rapid  manner  proceeded  to  show  that  the  gentleman  was  altogether 
in  error,  and  went  through  the  tedious  formula  with  the  ease  of  a  master,  and 
showed  here  and  there  where  certain  assumptions  were  erroneous,  and  where  a 
false  step  had  been  made.  It  was  quite  a  picture  to  see  him.  He  has  a  peculiar 
affection,  causing  him,  when  excited,  to  breathe  through  his  nose  with  a  sound 
like  escaping  steam  at  almost  every  sentence;  especially  was  this  noticed  when 
he  used  a  word  that  began  with  "s." 
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Barnard  arrived  at  Nashville,  thoroughly  worn  out  with  his 
travels ;  but,  after  having  received  a  most  friendly  welcome  and  recog- 
nition from  the  astronomers  whom  he  had  at  last  met  in  person,  he 
could  henceforth  feel  that  he  was  one  of  the  fraternity. 

In  1887,  at  the  age  of  thirty,  he  received  the  degree  of  Bachelor 
of  Science.  Meanwhile,  he  had  discovered  seven  more  comets — - 
the  last  on  May  12,  1887— namely:  1884  II,  1885  II,  1886  II,  1886 
IX,  1886  VIII,  1887  III,  1887  IV.  Of  these  comets,  1884  II  was 
periodic,  with  a  return  expected  every  5.4  years,  but  it  escaped  detec- 
tion in  subsequent  years.  In  1887  he  published  in  the  Astrononiische 
Nachrichten  a  parabolic  orbit  for  Comet  1887  III. 

In  1883  he  had  independently  discovered  the  Gegenschein,  while 
sweeping  the  skies,  and  had  become  extraordinarily  familiar  with 
the  objects  in  the  sky  which  could  be  seen  with  a  small  telescope. 
He  had  given  special  attention  to  the  planet  Jupiter  and  was  an  inde- 
pendent discoverer  of  the  red  spot,  although  some  months  after  it 
had  been  announced  by  C.  W.  Pritchett,  of  Glasgow,  Missouri,  in 
July,  1878.  Barnard  was  a  careful  dehneator  of  what  he  saw  and 
many  of  his  early  sketches  of  Jupiter  were  published  in  the  first 
volumes  of  the  Astronomical  Society  of  the  Pacific. 

In  1887  the  Lick  Observatory  was  nearing  completion,  and 
Professor  E.  S.  Holden  had  been  chosen  director,  functioning  ad 
interim  as  the  president  of  the  University  of  California.  He  corre- 
sponded with  Barnard,  and  in  that  summer  offered  him  a  position 
on  the  staff  then  in  process  of  formation.  Barnard  accepted  the 
opportunity  to  join  this  finely  equipped  institution,  and  in  Septem- 
ber he  and  his  wife  started  on  their  interesting  journey  to  California. 
They  found  temporary  lodgings  in  San  Francisco,  until  they  should 
be  able  to  make  their  home  on  Mount  Hamilton.  There  were 
delays  in  the  completion  of  the  observatory,  and  the  regents  of  the 
university  were  unable  to  make  provision  for  the  astronomers  until 
the  trustees  of  the  Lick  estate  had  formally  turned  over  to  them  the 
completed  observatory.  Mr.  Barnard,  again  finding  himself  in 
need  of  a  salary  which  was  not  forthcoming,  obtained  work  in  copy- 
ing legal  papers  in  the  office  of  a  lawyer.  Early  in  the  next  spring 
the  Lick  trustees  invited  him  to  come  to  the  mountain  and  make  an 
inventory  of  the  observatory's  equipment.  Finally,  on  June  i,  1888, 
Director  Holden  was  able  to  write,  with  evident  relief  after  the  try- 
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ing  delay:  "The  observatory  begins  its  active  existence  tonight." 
S.  W.  Burnham  and  J.  M.  Schaeberle  were  senior  astronomers,  J.  E. 
Keeler  and  E.  E.  Barnard,  juniors;  and  work  began  enthusiastically- 
Mr.  Barnard  became  very  warmly  attached  to  these  members  of  the 
staff.  We  must  remember  that  this  was  his  first  opportunity  to  be 
regularly  associated  with  astronomers  of  considerable  experience,  and 
it  was  of  great  importance  to  him.  In  turn,  his  associates  highly 
appreciated  Barnard's  ability  as  an  observer  and  his  tremendous 
capacity  for  work. 

The  1 2-inch  telescope  was  assigned  to  Barnard,  together  with 
the  comet-seekgr,  and  very  soon  Director  Holden  began  to  make 
use  of  Barnard's  technical  knowledge  of  photography.  On  Septem- 
ber 2,  Barnard  discovered  Comet  1889  I,  and  in  October,  Comet 
1888  V.  He  also  observed  their  positions  assiduously  with  the 
excellent  equatorial  and  filar  micrometer.  He  further  observed 
nebulae  and  planets,  and  in  1889  made  a  notable  observation  of  the 
eclipse  of  Japetus  by  the  ring  system  of  Saturn.  He  could  see  that 
the  sunlight  illuminated  the  satellite  through  the  crape  ring,  thus 
indicating  that  the  ring  was  quite  transparent,  and  supporting  the 
view  that  it  was  made  up  of  small  particles.  During  that  year 
he  discovered  Comets  1889  II  and  1889  III  (which  has  a  computed 
period  of  128  years),  but  his  most  important  work  was  the  beginning 
he  made  during  that  summer  in  photographing  the  Milky  Way 
with  the  Willard  lens,  which  became  a  famous  instrument  in  his 
hands.  This  was  a  portrait  lens  of  31  inches  focal  length,  which 
had  been  used  by  some  photographer  and  had  received  its  name  from 
the  dealer  who  sold  them  in  New  York.  This  camera  was  strapped 
to  the  6f-inch  equatorial,  which  served  as  a  guiding  telescope. 
Barnard's  long  exposures  with  this  instrument  brought  out  the 
wonderful  richness  of  the  star  clouds  and  other  features  of  the  Milky 
Way  as  they  had  never  before  been  revealed.  They  thrilled  him 
and  his  associates  with  their  significance  and  beauty,  and  later  the 
entire  scientific  world  shared  in  this  appreciation  of  them. 

Barnard  was  the  first  to  observe  the  return  of  d'Arrest's  Comet 
in  1890,  and,  in  the  following  year,  of  Comets  Encke  and  Tempel- 
Swift.  In  1891  he  discovered  Comets  1891 1  and  1891  IV.  In  1892 
he  made  the  first  discovery  of  a  comet  by  photography,  finding  on 
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his  plate  taken  on  October  12,  Comet  1892  V,  for  which  a  period  of 
6.5  years  was  computed,  but  which  has  never  been  observed  at  a 
subsequent  return. 

As  a  junior  member  of  the  staff  of  the  Lick  Observatory,  Mr. 
Barnard  did  not  receive  a  regular  assignment  at  the  36-inch  tele- 
scope, but  his  friend,  Burnham,  was  always  glad  to  check  any  im- 
portant observation  for  him,  or  give  him  the  opportunity  of  examining 
it  with  the  great  refractor.  Professor  Burnham  resigned  his  position 
in  June,  1892,  and  resumed  work  as  clerk  of  the  Federal  Court  in 
Chicago.  Mr.  Barnard  had  naturally  been  eager  for  an  opportunity 
to  make  regular  use  of  the  great  refractor,  but  he  had  been  unable 
to  secure  this  privilege  until  the  first  of  July,  1892,  when  he  re- 
ceived the  coveted  assignment  for  one  night  per  week.  On  the 
eleventh  night  (September  9,  1892),  he  made  with  it  his  brilliant 
discovery  of  the  fifth  satellite  of  Jupiter.  We  quote  from  his  own 
account  of  his  observations  in  Astronomy  and  Astrophysics,  11,  749, 
1892: 

Friday  being  my  night  with  the  36-inch  telescope,  after  observing  Mars 
and  measuring  the  positions  of  his  satellites,  I  began  an  examination  of  the 
region  immediately  about  the  planet  Jupiter.  At  12  o'clock  as  near  as  may  be, 
to  within  a  few  minutes,  I  detected  a  tiny  point  of  light  closely  following  the 
planet  and  near  the  3rd  satellite  which  was  approaching  transit.  I  immediately 
suspected  it  was  an  unknown  satellite  and  at  once  began  measuring  its  position- 
angle  and  distance  from  the  3rd  sateUite.  On  the  spur  of  the  moment,  this 
seemed  to  be  the  only  method  of  securing  a  position  of  the  new  object,  for  upon 
bringing  the  slightest  trace  of  the  planet  in  the  field  the  little  point  of  light  was 
instantly  lost. 

I  got  two  sets  of  distances  and  one  set  of  position-angles,  and  then  attempted 
to  refer  it  to  Jupiter  but  found  that  one  of  the  wires  of  the  micrometer  was 
broken  out  and  the  other  loose.  Before  anything  could  be  done  the  object 
rapidly  disappeared  in  the  glare  of  Jupiter.  From  the  fact  that  it  was  not  left 
behind  by  the  planet  in  its  motion,  I  was  convinced  that  the  object  was  a  satel- 
lite. A  careful  watch  was  kept  at  the  preceding  limb  of  the  planet  for  the  reap- 
pearance of  the  satellite,  but  up  to  daylight  it  could  not  be  seen. 

Though  positive  that  a  new  satellite  had  been  found,  extreme  caution  sug- 
gested that  it  would  be  better  to  wait  for  a  careful  verification  before  making 
any  announcement. 

The  following  night  with  the  36-inch  belonging  to  Professor  Schaeberle,  he 
kindly  gave  it  up  to  me,  and  shortly  before  midnight  the  satellite  was  again 
detected  rapidly  leaving  the  planet  on  the  following  side.     That  morning  1  had 
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put  new  wires  in  the  micrometer,  and  now  began  a  series  of  careful  measures  for 
position.  As  I  have  said,  the  satellite  was  so  small  that  no  trace  of  Jupiter 
could  be  admitted  into  the  field  for  reference  in  the  measures.  It  was  necessary, 
therefore,  to  bisect  the  satellite,  with  the  planet  out  of  the  field,  and  then  by 
sliding  the  eyepiece  bring  the  limb  of  Jupiter  into  view  and  bisect  it.  This 
method  did  not  permit  any  measures  from  the  polar  limbs  of  Jupiter.  Follow- 
ing the  satellite  thus,  it  was  seen  to  recede  from  the  planet  to  a  distance  of  some 
36"  from  the  limb  when  it  gradually  became  stationary.  Remaining  so  for 
a  while  it  began  once  more  to  approach  the  planet  and  rapidly  disappeared  in 
the  glow  near  the  limb.  The  measures,  repeated  as  rapidly  as  possible,  thor- 
oughly covered  the  elongation,  and  gave  the  means  of  approximating  to  its 
period. 

The  following  morning  a  telegram  was  sent  out  announcing  the  discover}'. 
Subsequent  observations  have  thoroughly  confirmed  the  discovery. 

On  account  of  its  extreme  closeness  to  the  planet  it  is  difficult  to  say  just 
what  its  magnitude  is.  Taking  everything  into  account,  I  have  provisionally 
assigned  it  as  thirteenth  magnitude.  I  hope  to  be  able  to  settle  definitely  this 
question  by  observing  some  little  star  near  Jupiter  and  then  afterwards  deter- 
mining its  magnitude  when  the  planet  has  left  it.  Until  this  is  settled,  any 
estimate  of  the  actual  size  of  the  satellite  must  be  the  merest  guess,  but  it  will 
probably  be  found  to  not  exceed  100  miles  in  diameter,  and  perhaps  less  than 
that. 

After  the  first  few  observations  I  inserted  a  piece  of  smoked  mica  in  the 
eyepiece,  and  using  this  as  an  occulting  bar,  the  measures  were  made  with  ease 
and  accuracy.  Careful  measures  thus  made  from  the  polar  limbs  for  the  Jovi- 
centric  latitude  of  the  satellite  show  that  its  orbit  lies  sensibly  in  the  plane  of 
Jupiter's  equator  and  that  consequently  the  satellite  is  not  a  new  addition  to 
the  Jovian  family,  since  it  would  doubtless  require  ages  for  the  orbit  to  be  so 
adjusted  if  the  object  were  a  capture. 

The  reader  will  note  from  this  extract  the  element  of  independ- 
ence which  was  a  characteristic  of  Barnard's  discoveries.  He 
perceived  with  a  sort  of  intuition  that  this  was  probably  a  new  satel- 
lite, in  fact,  was  convinced  of  it,  by  his  brief  observations  on  the 
first  night.  His  exercise  of  great  care  in  making  no  premature 
announcement  was  also  characteristic.  He  furthermore  was  quick 
to  realize  that  it  would  be  a  matter  of  general  interest  whether  the 
satellite  had  been  newly  acquired  by  Jupiter,  and  his  measurements 
to  decide  this  point  were  made  a  few  evenings  later.  We  also  see 
an  illustration  of  his  readiness  to  adapt  his  observing  methods  to 
difficult  circumstances,  in  providing  a  piece  of  smoked  mica  for 
occulting  the  briUiant  planet.     His  scientific  caution  and  ingenuity 
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are  illustrated  by  his  proposal  that  the  magnitude  of  the  object 
should  be  determined  by  comparison  with  some  star  of  about  the 
same  magnitude,  which  some  night  would  lie  near  the  planet's 
position  and  thus  afford  a  rehable  basis  for  an  estimate  of  brightness. 

This  first  addition  to  the  family  of  Jupiter,  which  had  received 
careful  telescopic  observation  for  nearly  three  centuries,  brought  to 
Mr.  Barnard  instant  recognition  as  an  observer  of  the  first  class. 
The  Lalande  gold  medal  of  the  French  Academy  of  Sciences  was 
awarded  to  him  a  few  months  later  for  this  notable  astronomical 
feat.  Pjofessor  Barnard  followed  this  satellite  with  very  careful 
micrometric  measurements  for  many  years  after  its  discovery,  seek- 
ing to  improve  our  knowledge  of  its  orbit,  and  he  pubHshed  14  papers 
covering  his  observations  of  elongations,  nearly  all  of  them  in  the 
Astronomical  Journal.  The  difficulty  of  observing  the  object  was 
not  because  it  was  so  faint,  but  because  of  the  brightness  of  the 
planet.  Quite  good  conditions  of  seeing  were  always  necessary  for 
observing  it,  even  with  the  large  telescope.  So  far  as  is  known  to 
the  writer,  the  fifth  satellite  has  never  been  photographed  and  the 
smallest  aperture  with  which  it  has  been  observed  is  that  of  the  i Sc- 
inch equatorial  of  the  Dearborn  Observatory  at  Evanston,  with 
which  Professor  G.  W.  Hough  observed  it  on  October  15  and  Novem- 
ber II,  1892.  The  discovery  of  this  satellite  doubtless  renewed 
interest  in  the  search  for  other  satellites  by  the  use  of  photography, 
resulting  in  the  discovery  of  three  further,  remote  satellites  at  the 
Lick  Observator>':  VI  and  VII  by  C.  D.  Perrine,  and  IX  by  S.P. 
Nicholson;  while  VIII  was  discovered  by  P.  J.  Melotte  at  Green- 
wich. 

During  the  later  years  at  the  Lick  Observatory,  Mr.  Barnard 
gave  much  attention  to  careful  measurements  of  the  diameters  of 
the  planets,  including  the  four  largest  asteroids.  He  made  a  com- 
prehensive study  of  the  dimensions  in  the  Saturnian  system,  and 
measured  the  ellipticity  of  Uranus.  He  gave  particular  attention 
to  the  diameters  and  the  appearance  of  the  brighter  satellites  of 
Jupiter.  These  extensive  researches  were  published  in  a  series  of 
papers  in  various  astronomical  journals,  several  of  them  appearing 
after  he  had  left  the  Lick  Observatory.  He  summed  up  his  results 
in  a  paper  which  he  published  in  Popular  Astronomy,  5,  285-302, 
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1897,  entitled,  " Micrometrical  Determination  of  the  Dimensions 
of  the  Planets  and  Satellites  of  the  Solar  System,  Made  with  the 
36-Inch  Refractor  of  the  Lick  Observatory."  This  was  later  printed 
in  abstract  in  the  Monthly  Notices  of  the  Royal  Astronomical  Society, 
58,  216-218,  1898. 

It  was  not  only  to  the  study  of  the  Milky  Way  that  Barnard  was 
applying  photography  with  distinguishing  success.  He  studied 
the  comets,  and  took  a  great  interest  in  the  remarkable  behavior  of 
their  tails  as  revealed  on  his  negatives.  Swift's  Comet  (1892  I) 
was  the  first  to  show  on  Barnard's  photographs  the  extraordinary 
changes  which  the  tails  of  comets  may  undergo.  His  subsequent 
photographs  of  many  comets  show  that  these  changes  are  character- 
istic of  the  tails  of  some  comets,  but  not  of  others.  Cloudy  weather 
had  interfered  with  observations  of  this  comet  during  March,  but 
the  photographs  taken  on  April  4  and  5  displayed  extraordinary 
changes  in  the  short  interval  between  them.  The  significance  and 
value  of  the  photographic  records  of  these  capricious  changes  were 
instantly  appreciated  by  Barnard,  as  will  be  seen  from  the  following 
quotation  from  his  article  written  some  years  later  and  appearing 
in  the  Monthly  Notices  of  the  Royal  Astronomical  Society,  59,  355, 
1899: 

This  [Swift's  Comet  of  1892]  was  the  first  comet  to  show  to  the  photographic 
plate  the  extraordinary  changes  to  which  these  bodies  are  subject.  Indeed,  if 
it  had  not  been  for  the  photographic  plate  we  should  have  known  nothing  of 
the  extraordinary  changes  that  occurred  in  this  comet  and  several  that  have 
since  appeared 

For  the  study  of  the  phenomena  of  the  tails  of  comets,  the  portrait  lens  has 
shown  itself  most  admirably  suited.  It  has  added  an  interest  to  the  physical 
study  of  these  bodies  that  did  not  exist  previously;  for  the  most  interesting  of 
the  phenomena  shown  by  comets  must  always  escape  the  visual  observer  and 
pass  unknown,  without  the  aid  of  the  portrait  lens  and  the  photographic  plate. 
Unlike  the  planets,  the  comets  often  traverse  the  entire  solar  system.  They 
are,  therefore,  our  only  means  of  exploring  the  regions  between  the  planetary 
orbits.  Instead  of  ponderous  bodies  like  the  planets,  they  are  but  flimsy  crea- 
tions of  enormous  dimensions.  They  are  thus  likely  to  be  easily  subject  to  dis- 
turbances in  their  forms  that  would  produce  no  perceptible  effect  on  their 
motions.  What  these  influences  maj^  be  we  do  not  know;  probably  swarms  or 
streams  of  meteors,  which  we  know  do  exist  in  space,  or  possibly  some  other 
cosmical  matter  yet  unknown.     Such  objects  might  be  (and  possibly  have  been) 
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revealed  to  us  by  their  effect  upon  the  form  of  the  comet's  tail  as  it  sweeps 
through  space. 

The  comet  discovered  by  Holmes  in  the  autumn  of  the  same  year 
(1892  III)  was  also  photographed  by  Barnard  when  this  round, 
tailless  object,  whose  motion  was  almost  entirely  in  the  line  of 
sight,  was  situated  very  near  the  great  nebula  in  Andromeda.  The 
motion  of  the  comet  among  the  stars  was,  in  fact,  so  slight  that 
Barnard,  with  an  exposure  of  75  minutes,  obtained,  on  the  night  of 
November  21,  1892,  a  sharp  picture  of  the  Andromeda  nebula, 
together- with  the  comet!  a  circumstance  which  is  not  likely  to  be 
duplicated.  Brooks's  comet  of  the  next  year  (1893  IV)  excited 
Barnard's  interest  in  a  high  degree  by  its  behavior,  which  was  quite 
exceptional  in  those  early  days  of  cometary  photography.  He 
speaks  of  his  plates  of  October  21  and  22  as  follows  {ibid.,  p.  358): 

There  is  an  utter  transformation  of  the  comet  in  this  picture.  The  tail  is 
larger  and  brighter  and  very  much  distorted,  as  if  it  had  encountered  some 
resistance  in  its  sweep  through  space.  This  disturbance  seems  to  have  dis- 
rupted the  north-east  edge  of  the  tail.  The  small  side  tail  has  apparently  been 
swept  away,  while  the  more  distant  portion  of  the  main  tail  is  streaming  in  a 
very  irregular  manner.  The  entire  picture  is  highly  suggestive  of  an  encounter 
with  some  sort  of  resistance.  Is  it  possible  the  tail  passed  through  a  stream 
of  meteors  such  as  we  know  exist  in  space  ?  Whatever  the  cause  may  have 
been,  the  appearance  of  the  tail  utterly  excludes  the  idea  of  the  phenomenon 
being  due  to  irregular  emission  of  the  matter  from  the  nucleus — an  explanation 
quite  satisfactory  in  the  case  of  Swift's  Comet. 

In  passing,  this  particular  photograph  seems  to  explain  at  least  one  of  the 
ancient  descriptions  of  a  comet,  viz.,  "a  torch  appeared  in  the  heavens."  The 
comet,  as  shown  in  the  photograph,  is  sufficiently  suggestive  of  a  torch  stream- 
ing irregularly  in  the  wind. 

^      ^      ^     ^ 

[On  the  next  day  the  tail  of  the  comet]  appears  a  total  wreck  in  this  photo- 
graph, and  is  still  more  suggestive  of  a  disaster.  It  is  very  badly  broken,  and 
on  the  south-west  side  hangs  in  irregular  cloud-like  masses.  Near  the  extremity 
a  large  gap  exists  in  the  tail,  as  if  something  had  gone  through  it  from  the  north- 
east, and  a  large  mass  is  torn  off  beyond  this  break  and  seems  to  be  drifting  inde- 
pendent of  the  comet. 

For  nearly  thirty  years  these  unexplained  caprices  of  the  tails 
of  comets  fascinated  Professor  Barnard,  and  whenever  a  new  comet 
appeared  in  the  sky  he  was  filled  with  suppressed  excitement  as  to  its 
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behavior  on  the  photographic  plate.  Comet  Morehouse  (1908  IV) 
was  thoroughly  satisfying  in  this  respect,  and  he  obtained  no  less 
than  350  photographs  of  it.  He  would  sometimes  take  successive 
photographs  of  it  as  long  as  it  could  be  followed  above  the  horizon, 
before  the  interference  of  the  moon  or  dawn. 

The  results  of  Barnard's  assiduous  campaign  at  the  Lick  Ob- 
servatory, from  1892  to  1895,  in  the  study  of  the  ]\Iilky  Way  and 
comets  by  photography,  are  preserved  in  Volume  XI  of  the  Publica- 
iio?is  of  the  Lick  Observatory.  This  volume  did  not  appear  until 
1913- — nearly  twenty  years  after  the  photographs  were  taken — 
because  of  the  difficulties  which  Professor  Barnard  found  in  securing 
satisfactory  reproductions  of  his  pictures.  His  studies  of  these 
photographs  had  been  so  minute  that  he  recognized  details  which 
would  have  escaped  anyone  else,  so  that  his  standard  of  excellence 
of  their  reproduction  became  very  exacting;  indeed,  beyond  the 
possibility  of  the  processes  of  photogravure  and  heliogravure.  The 
pubKcation  of  the  volume  had  been  made  possible  by  subscriptions 
for  the  purpose  which  Mr.  Barnard  had  secured  from  California 
friends  of  the  Lick  Observatory  and  of  himself.  The  collotype 
process  was  employed  and  the  reproductions  are  as  satisfactory  as 
could  be  expected  by  any  such  process.  But  for  a  number  of  years 
the  responsibility  of  issuing  this  volume  was  a  heavy  one  for 
Mr.  Barnard.  He  became  discouraged  with  what  he  regarded  as 
the  impossibility  of  securing  adequate  reproductions,  and  the  work 
lapsed.  He  even  attempted  to  return  the  money  already  expended, 
to  the  Lick  Observatory,  for  distribution  among  the  subscribing 
friends.  He  was,  however,  persuaded  to  resume  and,  fortunately, 
was  able  again  to  secure  the  services  of  the  expert  in  collotype  who 
had  begun  the  work.  The  volume  contains  129  plates,  from  92 
photographs  of  the  Milky  Way  and  42  of  comets;  and  it  will  stand 
as  a  monument  to  the  great  skill  and  the  untiring  zeal  of  the  pioneer 
in  his  beginning  in  this  important  field  of  investigation. 

A  leave  of  absence  was  granted  Mr.  Barnard  in  the  summer  of 
1893  to  make  his  first  trip  to  Europe.  Mrs.  Barnard  accompanied 
him,  and  thus  had  an  opportunity  to  visit  her  old  home  and  her 
relatives  in  England.  The  very  cordial  welcome  given  to  Barnard 
by  his  English  colleagues  also  made  this  a  most  pleasant  visit.     He 
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then  went  over  to  the  Continent  and  made  the  personal  acquaint- 
ance of  astronomers  in  France  and  Germany. 

Mr,  Barnard's  residence  of  nearly  eight  years  in  California  was 
full  of  romantic  interest  for  him.  The  conditions  for  his  work  were 
very  fine,  and  a  clear  sky  was  assured  in  advance  during  many 
months  of  the  year.  His  residence  on  the  mountain  was  novel  to 
one  who  had  always  lived  in  a  city,  and  the  views  of  mountain  and 
canyon  made  a  strong  appeal  to  the  artistic  element  in  his  nature. 
The  life  was  isolated  in  winter,  but  this  was  broken  by  visits  on 
Saturday  evenings  of  the  winter  tourists  in  California,  and  acquaint- 
ances were  established — many  of  them  lasting^ — ^with  interesting 
people  from  different  parts  of  the  world.  The  association  with  his 
fellow-observers  and  their  families  in  the  little  colony  was  congenial, 
and  particularly  close  was  his  association  with  Professor  Burnham, 
who,  like  himself,  was  an  ardent  and  expert  user  of  the  camera. 
This  phase  of  his  life  at  the  mountain  was  well  brought  out  in 
Mr.  Barnard's  biographical  sketch  of  Mr.  Burnham,  pubHshed  in 
Popular  A stronomy,  29, 309, 192 1 .  There  was  an  element  of  the  wild 
in  the  howl  of  the  coyotes  in  the  canyons  and  in  the  occasional  deer 
seen  around  the  mountain.  In  the  gray  dusk,  one  morning,  as 
Mr.  Barnard  was  nearing  the  door  of  his  cottage,  he  saw  before  him 
the  great  form  of  a  panther,  or  mountain  lion,  standing  a  few  yards 
away.  Each  was  returning  from  his  night's  work,  and  each  silently 
respected  the  rights  of  the  other.  After  a  moment,  the  panther 
quietly  walked  on  over  the  mountain.  At  another  time,  as  Mr. 
Barnard  was  watering  the  flowers  around  the  cottage,  the  blazing 
eyes  and  terror-stricken  cries  of  the  little  dog  that  had  been  accom- 
panying him  told  him  that  a  rattlesnake  had  made  its  strike,  so  he 
dispatched  the  snake  and  rushed  to  apply  remedies  to  save  the  life 
of  the  dog,  which,  as  a  result,  survived  his  wound  for  some  months . 

The  free  and  hearty  cordiality  of  the  Calif ornians,  and  their 
appreciation  and  respect  for  the  men  of  science  on  Mount  Hamilton, 
was  keenly  felt;  and  he  occasionally  participated  in  the  meetings 
and  activities  of  the  Camera  Club  and  of  the  Bohemian  Club  of  San 
Francisco,  as  well  as  with  the  colleagues  at  Berkeley.  Conditions 
of  life  on  the  mountain  were  comparatively  simple  and  at  the  start 
Mr.  Barnard's  salary  was  small;  but  these  circumstances  were  much 
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improved  toward  the  end  of  his  stay,  and  his  opportunities  for  the 
use  of  the  great  telescope  were  increased  so  that  he  often  worked 
with  it  on  two  and  sometimes  even  three  nights  a  week.  However, 
circumstances  into  which  we  need  not  enter  finally  led  him  to  desire 
a  change,  and  in  1895  he  accepted  an  invitation  to  become  a  member 
of  the  staff  of  the  Yerkes  Observatory,  then  in  process  of  construc- 
tion as  a  department  of  the  new  University  of  Chicago.  His  official 
title  was  to  be  Professor  of  Practical  Astronomy  and  Astronomer 
at  the  Yerkes  Observatory,  but  no  duties  of  giving  instruction  were 
involved,  beyond  an  occasional  popular  lecture  in  the  summer 
courses  at  the  University.  His  official  connection  with  the  Univer- 
sity began  on  October  i,  1895.  As  had  happened  at  the  Lick, 
there  were  unexpected  delays  in  the  completion  of  the  Yerkes  Observ- 
atory, so  that  for  the  greater  part  of  a  year  Professor  Barnard  lived 
in  Chicago  near  the  Kenwood  Observatory,  the  equipment  for  which 
had  been  presented  to  the  University  by  Professor  George  E.  Hale, 
for  whom  it  had  been  built.  This  period  constituted  something  of 
a  gap  in  Mr.  Barnard's  observational  activity,  but  the  time  was 
usefully  employed  in  preparing  for  publication  some  of  the  results 
of  his  observations  at  Mount  Hamilton,  including  the  reproductions 
of  the  photographs  of  the  Milky  Way  and  comets  made  there. 

In  the  summer  of  1896,  Professor  and  Mrs.  Barnard  occupied  a 
cottage  on  the  shore  of  Lake  Geneva,  and  began  the  construction 
of  the  house  which  was  to  be  their  home  for  the  next  quarter  of  a 
century,  on  land  which  they  had  purchased  adjacent  to  the  grounds 
of  the  Observatory.  In  February,  1897,  Mr.  Barnard  went  to 
England  to  receive  the  gold  medal  of  the  Royal  Astronomical 
Society,  but,  owing  to  delay  of  the  steamer  by  bad  weather,  he 
unfortunately  did  not  arrive  until  the  day  after  the  annual  meeting 
of  the  Society.  A  special  meeting  was  held  on  March  2,  at  which 
Professor  Barnard  exhibited  and  explained  some  of  his  most  notable 
photographs  taken  at  the  Lick  Observatory,  and  a  dinner  was  given 
like  the  one  prepared  on  the  evening  which  he  missed.  As  Mr. 
Barnard  was  very  keen  to  begin  work  with  the  40-inch,  which  was 
then  expected  to  be  ready  in  the  spring,  as  well  as  to  complete  the 
equipment  of  his  new  home,  in  which  he  took  a  great  interest,  he 
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sailed  for  home  after  a  stay  in  England  of  less  than  three  weeks,  and 
was  back  at  Williams  Bay  by  the  middle  of  March. 

A  few  weeks  later  the  objective  was  brought  from  Cambridge 
by  Alvan  G.  Clark,  and  was  adjusted  by  him  in  its  cell  on  the  great 
instrument.  It  was  first  used  on  the  night  of  May  21,  and  the  tests 
of  its  performance  were  highly  satisfactory.  There  were  occasional 
opportunities  during  the  next  week,  when  the  sky  was  clear,  for 
further  tests,  and  on  the  night  of  jVIay  28  Professor  Barnard  had  a 
narrow  escape.  He  was  observing  during  the  latter  part  of  that 
night,  until-  daylight,  and  left  the  dome  at  dawn.  Just  before  seven 
o'clock,  as  the  result  of  faulty  connection  of  the  supporting  cables, 
the  rising  floor  fell,  involving  its  almost  complete  destruction,  but 
fortunately  without  injuring  the  telescope  itself.  Had  this  hap- 
pened a  few  hours  earlier,  the  obserA-er  could  hardly  have  escaped 
death  or  a  serious  injury. 

This  delayed  the  formal  opening  of  the  Observatory  until  October 
21,  1897,  and  Mr.  Barnard  had  to  exercise  his  patience  in  waiting 
for  further  use  of  the  great  refractor.  As  soon  as  it  was  ready 
for  regular  work,  in  the  autumn  of  1897,  Professor  Barnard  again 
plunged  into  observing,  having  the  great  telescope  at  his  disposal 
regularly  for  two,  and  often  for  three  or  four  nights  per  week.  He 
was,  of  course,  interested  in  making  some  tests  of  the  quality  of  the 
40-inch  as  compared  with  the  36-inch  telescope  which  he  had 
previously  used.  He.  therefore,  obser\'ed  some  of  the  difficult 
double  stars,  such  as  Schaeberle's  companion  to  Procyon,  and 
Kappa  Pegasi,  and  secured  some  elongations  of  the  fifth  satellite  of 
Jupiter.  He  studied  some  of  the  variable  stars  in  Messier  5  which 
had  recently  been  discovered  by  Professor  Bailey,  finding  a  couple 
of  additional  variables  in  that  cluster.  He  gave  particular  atten- 
tion to  the  variations  in  brightness  of  Bailey's  No.  33,  as  will  be 
mentioned  later.  He  also  measured  in  the  daytime  the  diameters 
of  Venus  and  Mercury,  sometimes  under  especially  fine  conditions 
of  seeing. 

He  began  at  this  time  a  micrometric  triangulation  of  some  of  the 
globular  star  clusters,  measuring  in  this  first  year  the  positions  of  95 
stars  in  JMessier  5  and  a  smaller  number  in  Messier  13,  comparing 
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the  positions  of  the  latter  with  measures  obtained  by  Scheiner  at 
Potsdam  on  photographs  taken  in  1891.  The  views  of  astrono- 
mers as  to  the  size  of  the  clusters  were  quite  different  then  from  those 
of  the  present,  and  Mr.  Barnard  had  hoped  that  precise  measures 
with  the  large  telescope  would  reveal  internal  motions  within  a  few 
years.  He  extended  his  triangulations  to  many  other  globular 
clusters  until  he  had  finally  included  in  his  program  twenty  clusters. 
In  spite  of  his  ardor  and  his  experience  as  a  photographer,  Mr. 
Barnard  still  found  it  difificult  to  recognize  the  superior  advantages 
of  the  measurement  of  star  clusters  on  photographs  with  the  use  of 
rectangular  co-ordinates.  He  put  his  trust  in  the  filar  micrometer 
more  than  in  the  measuring  machine,  particularly  because  he  could 
recognize  certain  of  the  cluster  stars  as  triple  which  were  confused 
in  a  single  image  on  the  photograph  then  at  hand,  taken  with  an 
instrument  of  one-fifth  the  focal  length  of  the  great  refractor.  A 
very  few  years  later,  when  remarkably  line  photographs  had  been 
secured  by  Ritchey  with  the  40-inch  telescope,  through  a  yellow 
filter  and  with  the  double-slide  plate-holder,  Mr.  Barnard  measured 
some  photographs  of  the  clusters,  and  in  subsequent  years  took  some 
equally  good  ones  himself.  The  excellent  accordance  between  his 
measures  on  the  negatives  and  those  he  made  visually  with  the 
micrometer  was  to  him  an  evidence  that  astrometric  investigations 
could  be  satisfactorily  made  by  photography;  to  us  this  accordance 
was  a  demonstration  of  Barnard's  extraordinary  skill  at  the  tele- 
scope with  the  micrometer.  Similarly,  when  his  visual  determina- 
tion of  the  parallax  of  Krueger  60  was  very  closely  confirmed  by 
Schlesinger's  measures  on  plates  he  had  taken  with  the  40-inch  tele- 
scope, it  convinced  Barnard  that  good  parallaxes  could  be  obtained 
by  the  new  photographic  method ;  while  for  us  it  was  again  a  demon- 
stration of  Barnard's  great  skill  as  an  observer. 

It  was  probably  no  small  disappointment  to  Mr.  Barnard  that 
his  measures  in  the  clusters,  continued  for  nearly  twenty-five  years, 
yielded  so  little  in  the  way  of  proper  motions — in  fact,  it  could 
hardly  be  asserted  that  a  single  one  of  the  cluster  stars  showed  an 
appreciable  motion  with  respect  to  its  fellows.  From  what  we  know 
now,  it  would  hav^e  been  better  to  omit  much  of  this  labor  by  visual 
methods  and  to  trust  to  photographic  records  made  from  time  to 
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time  for  the  establishment  of  the  motions  which  certainly  must 
exist,  but  which  will  evidently  require  a  long  lapse  of  time  for  accu- 
rate determination.  It  will  be  no  small  task  to  evaluate  these  micro- 
metric  measures  which  were  expressed  in  position  angles  and  dis- 
tances and  referred  to  selected  stars  in  the  clusters;  thus,  in  Messier 
5,  239  stars  were  included;  in  Messier  13,  247;  and  in  several  other 
clusters  the  number  runs  over  100.  The  measures  will  certainly 
represent  accurately  the  positions  of  the  selected  stars  during  the 
score  of  years  that  they  were  under  Barnard's  observation.  Plans 
were  begun  some  fifteen  years  ago  for  the  publication  of  these  meas- 
ures; but  they  were  delayed  in  the  natural  hope  that  with  a  longer 
time  some  evidences  of  motion  would  be  established.  Considerable 
attention  was  given  during  this  work  to  following  changes  in  bright- 
ness of  some  of  the  variables,  and  a  few  new  variables  were  dis- 
covered by  Professor  Barnard  in  the  clusters.  He  observed,  in 
particular,  Bailey's  No.  ^t,  in  Messier  5,  and  determined  its  period 
with  great  precision,  contributing  half-a-dozen  papers  to  the  discus- 
sion of  this  star  alone  during  the  score  of  years  that  he  observed  it. 
At  first  he  thought  that  the  period  was  constant,  but  later  the 
continued  observations  showed  that  it  first  lengthened,  then 
shortened. 

Although  ]\lr.  Barnard  would  naturally  not  be  regarded  as  a 
regular  observer  of  variable  stars,  he  nevertheless  discovered  some 
ten  of  these  objects,  most  of  them  visually,  and  he  followed  partic- 
ular ones  for  many  years;  thus,  he  published  three  papers  on  the 
period  and  variation  of  RS  Aquarii,  which  he  discovered  visually 
in  1898.  He  also  followed  rather  closely  several  especially  inter- 
esting stars  of  this  sort,  discovered  by  others,  which  required  large 
optical  power  when  they  were  near  minimum. 

The  novae  were  of  especial  interest  to  him:  he  determined  their 
positions  micrometrically  with  great  precision  with  respect  to 
neighboring  stars;  he  estimated  carefully  their  fluctuations  in  hght 
and  noted  the  change  in  focus  which  resulted  from  their  change  in 
spectrum  when  the  stars  were  too  faint  to  be  observed  spectroscopi- 
cally;  he  examined  them  minutely  with  the  great  telescope,  to 
detect  the  presence  about  them  of  nebulous  shells  or  phenomena  of 
that  nature.     He,  in  fact,  discovered  visually,  in  the  summer  of 
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1892,  the  nebulous  ring  about  Nova  Aurigae.  He  included  in  his 
studies  most  of  the  historical  novae  for  which  the  positions  could  be 
determined — all  of  this,  with  the  40-inch  telescope.  He  was  an 
independent  discoverer  of  Nova  Aquilae  on  the  night  of  June  8, 
1918,  the  date  of  the  American  eclipse.  After  his  return  to  the 
Observatory  he  found  that  he  had  photographed  the  star  on  fifty- 
four  dates  during  the  preceding  twenty-five  years,  the  Willard  lens 
having  been  used  on  four  dates  and  the  Bruce  telescope  on  the 
remainder.  He  then  determined  the  star's  brightness  on  these 
plates.  His  observations  of  this  character  were  very  numerous; 
thus,  he  contributed  no  less  than  fourteen  papers  or  notes  to  cover 
Nova  Persei  of  190 1,  and  eight  such  papers  on  Nova  Aquilae  of  19 18. 

In  view  of  the  great  range  of  temperature  through  which  micro- 
metric  measurements  are  made  with  the  40-inch  refractor,  extend- 
ing from  -25°F.  (-32°  C.)  to  -fioo°F.  (+38°  C),  he  began,  in 
1897,  a  series  of  control  measures  of  the  difference  in  declination 
between  Atlas  and  Pleione.  These  observations  were  made  on  506 
nights  during  the  past  twenty-five  years,  and  thus  constitute  a 
great  mass  of  valuable  unpublished  material  bearing  both  on  the 
constancy  of  the  telescope  and  micrometer  and  that  of  the  stars 
themselves. 

At  the  Yerkes  Observatory  he  kept  up  his  micrometric  observ^a- 
tions  of  the  fainter  satellites  of  the  planets,  which  he  had  begun 
at  the  Lick  Observatory,  and  contributed  to  the  Astronomical 
Journal  ten  papers  of  observ^ations  of  Saturn  and  several  of  Phoebe, 
the  ninth  satellite,  which  he  caught  as  a  very  faint  object  in  the 
opposition  of  1904,  when  the  planet  was  17°  south  of  the  equator. 
At  the  oppositions  of  1906  and  191 2-13,  when  he  had  a  good  ephem- 
eris  of  the  satellite,  he  observed  it  several  times,  and  estimated  it 
to  be  of  the  fourteenth  magnitude.  We  beheve  that  Professor 
Barnard's  measures  with  the  40-inch  telescope  are  the  only  visual 
determinations  of  the  position  that  have  yet  been  made  of  this 
difficult  satellite.  He  observed  visually  Perrine's  sixth  satellite  of 
Jupiter,  and  published  his  measures  in  three  papers. 

Professor  Barnard  took  part  in  the  campaign  for  observation 
of  the  asteroid  Eros,  during  the  opposition  of  1900  and  1901,  for 
the  determination  of  the  solar  parallax.     His  extensive  measure- 


to 


PLATE  II 


Star    Cloud    in    Sagittarius   (R.A.,   i8'>7™;    Dec.,— i8°  15'),  Photographed  with  the    io-ixch 
Lens  of  the  Bruce  Telescope  by  E.  E.  Barnard.     Exposure,  4'"  30™. 
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ments  appeared  in  Volume  II  of  the  Publications  of  the  Yerkes 
Observatory,  pp.  79-116,  issued  in  1903. 

In  1897  Miss  Catherine  W.  Bruce,  of  New  York,  at  the  sob'ci- 
tation  of  Professor  Barnard,  had  given  to  the  University  the  sum  of 
87,000  for  providing  a  photographic  telescope  of  the  highest  type 
of  excellence  with  which  he  could  continue  his  photographic  inv^esti- 
gation  of  the  Milky  Way  and  comets.  Experiments  were  at  once 
begun  with  various  types  of  portrait  lens,  some  of  them  furnished 
by  Mr.  Brashear,  in  order  to  find  which  was  the  most  suitable 
objective  for  the  purpose.  .\t  this  time  the  cameras  were  strapped 
to  a  small  equatorial,  which  was  later  installed  for  instruction  at  the 
University.  This  task  of  finding  a  suitable  objective  was  con- 
tinued for  several  years,  and  in  December,  1899,  the  quest  led  Mr. 
Barnard  to  Europe,  for  he  was  determined  to  secure  an  objective 
which  would  represent  the  highest  quality  attainable  in  optical 
construction.  Several  of  the  leading  European  firms  made  small 
objectives  for  the  test,  but  choice  was  made  of  the  lo-inch  doublet 
produced  by  John  A.  Brashear,  of  Allegheny. 

The  small  wooden  observatory  for  the  Bruce  telescope,  having  a 
dome  15  feet  in  diameter,  was  erected,  in  1904,  at  a  point  350  feet 
from  the  great  dome  and  a  less  distance  from  Mr.  Barnard's  own 
home.  The  interest  accumulated  on  the  Bruce  fund  was  sufficient 
to  pay  for  the  building.  Warner  &  Swasey  had  provided  for  the 
telescope  the  excellent  mounting  of  a  new  pattern  particularly  well 
adapted  for  the  purpose.  Besides  the  lo-inch  doublet,  the  mounting 
carried  a  Voigtlander  portrait  lens  of  6|  inches  aperture,  which  had 
been  refigured  by  Brashear,  and  a  5-inch  guiding  telescope.  A 
description  of  the  Bruce  telescope  and  its  building,  with  reproduc- 
tions of  two  photographs  of  the  Milky  Way  taken  with  it,  was 
published  by  Professor  Barnard  in  the  Astro  physical  Journal,  21, 

35»  1905- 

Professor  Barnard  was  now  provided  with  equipment  for  his 
work,  which  he  had  awaited  for  some  years.  When  the  sky  was 
clear  and  not  rendered  useless  by  the  obnoxious  presence  of  the 
moon,  Professor  Barnard  was  generally  to  be  found  there  making 
a  long  exposure  on  some  part  of  the  Milky  Way,  or  on  a  comet, 
unless  he  had  an  assignment  with  the  40-inch  telescope.     Plate  II 
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illustrates  the  remarkable  character  of  Professor  Barnard's  photo- 
graphs of  the  Milky  Way.  It  is  reproduced  from  the  article,  "Dark 
Regions  in  the  Sky  Suggesting  an  Obscuration  of  Light,"  which 
appeared  in  this  Journal  in  1913,  38,  496-501  (Plate  XIX),  and 
depicts  the  smaller  star  cloud  in  Sagittarius.  It  includes  a  small 
black  spot  which  was  formerly  called  a  dark  hole,  but  which  we 
now  believe  to  be  an  intervening  mass  of  obscuring  matter. 

He  was  unhampered  by  any  administrative  or  editorial  duties, 
and  free  from  any  engagements  in  the  classroom,  so  that  he  was 
able  to  gratify  to  the  full  his  passion  for  observing.  To  him,  a 
night  at  the  great  telescope  was  almost  a  rite — a  sacred  opportunity 
for  a  search  for  .truth  in  celestial  places.  Rarely  has  a  priest  gone 
up  into  the  temple  with  a  deeper  feeling  of  responsibility  and  of 
service  than  did  this  untiring  astronomer  go  up  into  the  great  dome. 
He  was  usually  ready  before  the  sun  had  set,  and  impatiently  wait- 
ing until  the  darkness  should  be  sufficient  for  him  to  "get  the 
parallel"  for  the  thread  of  the  micrometer  before  he  could  observe 
fainter  objects.  During  the  day  preceding  one  of  his  nights,  his 
associates  in  the  Observatory  were  generally  conscious  of  his  keen 
anxiety  for  a  clear  sky,  as  evidenced  by  a  frequently  repeated 
nervous  cough,  which  was  always  worse  if  the  prospects  for  the 
night  were  unfavorable. 

It  was  a  marvel  to  all  of  us  that  his  bodily  strength  was  equal  to 
the  tasks  which  he  put  upon  himself.  He  was  accustomed  to  get 
on  with  very  little  sleep,  and  if  the  night  was  cloudy  he  could  never 
trust  himself  to  relax,  but  was  constantly  on  the  lookout  for  a 
possible  clearing  of  the  sky.  Nevertheless,  he  often  appeared  in 
his  office  by  seven  o'clock  in  the  morning,  and  began  work  on  the 
reduction  of  his  observations  of  the  night  before.  He  was  a  very 
painstaking  and  accurate  computer,  and  it  was  rare,  indeed,  that  the 
positions  of  any  celestial  objects  measured  by  him  required  correc- 
tion for  any  numerical  errors  after  they  were  published.  From 
about  1906  he  had  the  valuable  assistance  of  Mrs.  Barnard's  niece, 
Miss  Mary  R.  Calvert,  who  helped  in  his  computations  and  in  his 
correspondence,  and  in  filing  and  cataloguing  the  great  number  of 
photographs  and  reduction  sheets  which  he  accumulated. 

The  nebulous  regions  of  the  Milky  Way  were  always  of  much 
interest  to  Mr.  Barnard,  and  he  early  discovered  on  his  photographs 
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great  nebulous  areas  which  had  not  been  previously  suspected.  He 
investigated  many  cases  of  nebulous  stars,  or  of  stars  which  seemed 
to  be  involved  in  "nebulosity,"  a  word  which  he  commonly  used 
to  describe  vague  and  indefinite  nebulous  matter,  generally  of  great 
extent.  In  some  cases  the  term  ma}^  represent  a  real  distinction 
between  a  gaseous  nebula  and  that  which  yields  a  continuous 
spectrum,  sometimes  probably  due  to  light  from  a  stellar  source 
reflected  by  finely  divided  matter.  The  following  quotation  is  from 
one  of  his  early  papers,  entitled  "The  Great  Nebula  of  Rho 
Ophiuchi  and  the  Smallness  of  the  Stars  Forming  the  Ground- 
work of  the  :\Iilky  Way":^ 

For  many  years  this  part  of  the  sky  troubled  me  ever>'  time  I  swept  over 
it  in  my  comet  seeking;  though  there  seemed  to  be  scarcely  any  stars  here,  there 
yet  appeared  a  dullness  of  the  field  as  if  the  sky  were  covered  with  a  thin  veiling 
of  dust,  that  took  away  the  rich  blackness  pecuUar  to  many  vacant  regions  of 
the  heavens.  This  was  fully  fifteen  years  ago,  at  Nashville,  Tennessee,  when  I 
searched  for  comets  with  a  five-inch  refractor. 

After  going  to  the  Lick  Observator>-,  I  still  noticed  this  peculiarity  of  that 
part  of  the  sky,  and  finally  found  that  two  small  stars  north  of  Antares  were 
involved  in  nebulosity  and  that  the  whole  region  seemed  to  be  covered  with  a 
very  weak  diluted  nebulosity 

This  part  of  the  sky  coming  within  the  sphere  of  my  work  in  photographing 
the  Milky  Way,  on  ]March  23,  1895,  I  made  a  photograph  of  it  with  2''  20™ 
exposure.  The  resulting  negative  showed  a  vast  and  magnificent  nebula, 
intricate  in  form  and  apparently  connected  with  many  of  the  bright  stars  of 
that  region  including  Antares  and  Sigma  Scorpii. 

Professor  Barnard's  studies  of  such  objects  may  be  indicated  by 
the  titles  of  some  of  his  later  papers  on  the  subject,  which  are  as 
follows : 

"A  Great  Photographic  Nebula  near  Pi  and  Delta  Scorpii," 
Astrophysical  Journal,  23,  144-147,  1906. 

"The  Great  Photographic  Nebula  of  Orion,  EncircUng  the  Belt 
andTheta  Nebula,"  Astronomy  and  Astrophysics,  13,  811-814,  1894. 

"Diffused  Nebulosities  in  the  Heavens,"  Astrophysical  Journal, 
17,  77-80,  1903. 

"On  a  Nebulous  Groundwork  in  the  Constellation  Taurus," 
Astrophysical  Journal,  25,  218-225,  1907. 

"On  a  Great  Nebulous  Region  and  on  the  Question  of  Absorb- 
ing Matter  in  Space,"  Astrophysical  Journal,  31,  8-14,  1910. 

^Popular  Astronomy,  5,  227,  1897. 
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''The  Exterior  Nebulosities  of  the  Pleiades,  with  a  Drawing 
from  the  Different  Photographs;  and  on  the  Appearance  of  the 
Involved  Nebulosities  of  the  Cluster  with  the  40-Inch  Refractor," 
Monthly  Notices  of  the  Royal  Astronomical  Society,  60,  258-261, 
1900. 

Plate  III  of  this  article  gives  an  example  of  one  of  his  photo- 
graphs of  these  nebulous  regions,  and  is  taken  from  his  paper 
entitled,  "Some  of  the  Results  of  Astronomical  Photography 
Pertaining  Specially  to  the  Work  with  a  Portrait  Lens,"  which 
appeared  in  Proceedings  of  the  American  Philosophical  Society,  46, 
417-429,  1907. 

Professor  Barnard  had  early  formed  a  plan  for  securing  a  photo- 
graphic chart  of  the  Milky  Way,  and  he  was  quick  to  accept  an 
invitation  from  Professor  Hale  to  bring  the  Bruce  telescope  to 
Mount  Wilson  for  photographing  particularly  the  southern  portions 
of  the  Galaxy,  in  so  far  as  they  could  be  reached  from  that  latitude. 
The  telescope  was,  accordingly,  transported  to  Mount  Wilson,  under 
the  auspices  of  the  Carnegie  Institution  of  Washington,  in  January, 
1905,  and  Professor  Barnard  spent  about  nine  months  on  the 
mountain,  engaged  in  this  work.  The  telescope  was  back  in  its 
own  dome  at  Williams  Bay  before  the  end  of  the  year,  and  for  the 
next  seventeen  years  was  always  available  for  Mr.  Barnard's  use, 
being  very  seldom  employed  by  any  other  observer. 

In  1907,  the  Carnegie  Institution  undertook  to  publish  the  Atlas 
of  the  Milky  Way,  when  it  should  be  ready,  and  during  several  years 
search  was  made  for  the  best  mode  of  reproduction  of  the  pictures. 
Careful  experiments  were  undertaken  by  experts  in  photogravure, 
and  with  the  heliotype  process,  but  the  degree  of  perfection  desired 
could  not  be  quite  attained.  Finally,  Mr.  Barnard  accepted  the 
suggestion  that  photographic  prints  would  most  faithfully  repro- 
duce the  wonderful  details  of  the  original  negatives.  Accordingly, 
with  infinite  pains,  he  made  positives  from  the  original  negatives 
and  then  second  negatives  from  which  the  prints  could  be  prepared. 
In  this  way,  the  contrast  in  faint  regions  was  increased  and  details 
were  brought  out  which  might  otherwise  have  been  lost.  A  firm 
of  commercial  photographers  in  Chicago,  A.  Copelin  and  Son, 
personally  well  known  to  Mr.  Barnard,  undertook  the  task  of  making 
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PLATE  III 


a)  Mars,  as  photographed  by  E.  E.  Barnard  with  the  40-inch 
refractor. 

b)  Nebulous  region  of  Gamma  Cygni,  photographed  with  the 
Bruce  telescope  by  E.  E.  Barnard.     Exposure,  6''  30™. 
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the  necessary  number  of  700  prints  from  each  of  the  50  negatives 
selected  to  represent  the  Galaxy.  For  two  years,  beginning  in  May, 
191 5,  Mr.  Barnard  made  frequent  trips  to  the  city  and  personally 
inspected  each  of  the  35,000  prints,  rejecting  hundreds  and  even 
thousands  of  those  which  seemed  to  him  to  be  lacking,  in  some 
detail,  the  high  quality  of  excellence  which  he  desired  to  be 
maintained. 

It  was  very  difficult  for  Mr.  Barnard  to  take  time  from  the 
reduction  and  discussion  of  current  observations  in  order  to  devote 
himself  to  the  descriptions  of  these  photographs  which  were  to  be 
a  part  of  the  Atlas.  He  was  also  constantly  finding  new  points  of 
interest,  as  he  studied  each  photograph  in  detail,  which  led  him  to 
desire  new  photographs  centering  on  special  regions,  or  having 
longer  exposures  than  he  had  previously  given.  The  publication  of 
this  Atlas  was  accordingly  delayed,  but,  fortunately,  ]Mr.  Barnard 
had  been  prevailed  upon  to  give  more  time  to  the  completion  of  the 
text,  and  it  had  been  finished,  so  far  as  the  50  regions  illustrated 
were  concerned.  It  is  to  be  regretted  that  he  had  not  written  the 
introduction,  which  would  have  summed  up  his  views  on  the  struc- 
ture of  the  Milky  Way,  based  upon  a  personal  knowledge  more 
intimate  than  that  possessed  by  any  other  person.  His  notes  on 
the  introduction  are  fragmentary,  but  they  can  be  used,  and  it  is 
hoped  that  the  Atlas  can  be  pubHshed  before  the  close  of  1923,  in 
essentially  the  manner  in  which  Mr.  Barnard  would  have  desired 
it,  and  accompanied  by  charts  from  drawings  giving  the  co-ordinates 
of  the  region  of  each  photograph,  with  a  designation  of  the  important 
features. 

During  the  last  decade,  ]Mr.  Barnard  had  taken  a  special  interest 
in  the  dark  markings  in  the  Milky  Way.  At  first  he  called  them 
vacancies,  and  it  was  only  gradually  that  he  was  led  to  the  view 
that  they  were,  after  all,  in  many  instances,  dark  objects  projected 
against  the  Milky  Way  and  absorbing  its  light.  The  titles  of  some 
of  his  papers  show  this  gradual  transition  in  the  interpretation  of 
these  extraordinary  structures.  We  may  cite  from  his  articles  on 
this  subject,  the  following: 

"Small  Black  Hole  in  the  Milky  Way,"  Astronomische  Nach- 
richten,  108,  369,  1884. 
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"On  the  Vacant  Regions  of  the  Sky"  (3  plates).  Popular 
Astronomy,  14,  579-583,  1906. 

"Dark  Regions  in  the  Sky  Suggesting  an  Obscuration  of  Light" 
(2  plates),  Astro  physical  Journal,  38,  496-501,  191 3.  This  is  a 
paper  containing  a  negative  reproduction  of  the  extraordinary- 
dark  marking  near  Zeta  Ononis  which  has  lately  been  so  success- 
fully shown  on  a  photograph  taken  by  Professor  J.  C.  Duncan,'  with 
the  100-inch  reflector  at  Mount  Wilson. 

"Some  of  the  Dark  Markings  of  the  Sky  and  What  They  Sug- 
gest" (2  plates),  Astrophysical  Journal,  43,  1-8,  1916.  In  this 
paper,  he  says: 

An  important  fact,  that  may  come  from  our  knowledge  of  the  existence  of 
dark  nebulae  is  that  their  masses  must  be  much  greater  than  would  be  assumed 
for  the  ordinary  nebulae,  because  they  are  prefectly  opaque  and  must  be 
relatively  dense,  and  hence  comparatively  massive.  If  this  is  so,  then,  we 
must  take  into  account  these  great  masses  in  a  study  of  the  motions  of  the  stars 
as  a  whole. 

In  that  paper  (Plate  I)  he  placed  side  by  side  a  luminous  gaseous 
nebula  and  a  dark  object  of  very  nearly  the  same  shape :  the  resem- 
blance is  striking. 

"On  the  Dark  Markings  of  the  Sky,  with  a  Catalogue  of  182 
Such  Objects,"  Astrophysical  Journal,  49,  1-23,  1919. 

The  last-named  paper  summed  up  his  studies  of  these  objects, 
which  will  doubtless  be  designated  in  the  future  by  the  numbers 
which  he  assigned  to  them  in  the  catalogue. 

A  very  important  question  in  recent  years  has  been  the  proper 
location  in  our  stellar  system  of  the  globular  star  clusters.  From 
his  studies  of  their  appearance  on  his  photographs  of  the  Milky 
Way,  Professor  Barnard  was  led  to  the  opinion  that  the  clusters  are 
in  some  instances  obviously  projected  against  the  background  of  the 
Milky  Way.  His  paper,  "On  the  Comparative  Distances  of 
Certain  Globular  Clusters  and  the  Star  Clouds  of  the  Milky  Way,"' 
seems  not  yet  to  have  received  quite  the  attention  that  it  deserves. 
We  may  quote  from  it  the  following: 

Just  as  the  great  star  clouds  of  the  Milky  Way  act  as  a  background  against 
which  non-luminous  masses  may  be  seen  in  dark  relief,  they  must  also  act  as  a 

'  See  Astrophysical  Journal,  53,  392,  192 1. 
-  Astronomical  Journal,  33,  86,  1920. 


EDWARD  EMERSON  BARNARD  27 

screen  and  thus  hide  any  object  that  is  behind  them.  This  gives  us  a  means 
of  inferring  the  relative  distances,  etc.,  of  many  of  the  great  globular  clusters. 
The  rich  regions  of  Sagittarius  and  Aquila,  in  which  some  of  the  finest  globular 
clusters  occur,  are  specially  remarkable  for  their  density.  That  these  clusters 
are  nearer  than  the  great  star  clouds  is  evident,  for  they  would  not  be  seen 
through  the  star  clouds  if  beyond  them. 

He  cites  as  particular  examples,  N.G.C.  Nos.  6266  (M  62),  6273 
(M  19),  6293,  6304,  6333  (M  9),  6528,  6656  (M  22),  and  6712. 

Although  Professor  Barnard  had  given  great  attention  to  the 
surface  markings  of  the  planets,  it  was  not  until  1909  that  he  began 
experiments  in  photographing  the  planets  M^ith  the  large  refractor, 
employing  a  secondary  magnification.  It  will  be  understood  that 
the  direct  images  of  the  planets  are  so  small,  even  in  an  instrument 
of  long  focus,  that  the  grain  of  the  plates  makes  it  impossible  to 
secure  a  satisfactory  photographic  enlargement.  This  work 
required  great  skill  and  patience,  because,  as  Professor  Barnard 
said:^  "Better  conditions  are  required  for  successful  work  in  this 
direction  than  for  visual  observations.  One  can  do  much  visually 
under  conditions  where  the  best  definition  is  only  momentary,  but 
for  these  enlarged  photographs  any  break  in  the  definition  for  even 
a  single  second  during  the  exposure  means  injury  or  total  ruin  to 
the  image.  In  all  the  exposures,  though  of  only  a  few  seconds' 
duration,  it  was  necessary  to  guide  the  telescope  to  keep  the  image 
stationary.  This  was  done  by  bisecting  the  polar  cap  by  cross- 
wires  (spider  threads)  in  the  focus  of  the  long  guiding  finder  (6i| 
feet  focus)  of  the  40-inch  telescope."  It  was  intended  that  a  full 
description  of  this  photographic  work  on  planets  should  be  published 
in  this  Journal,  but  Professor  Barnard  never  found  time  to  do  this. 
On  Plate  III  herewith  are  shown  four  of  these  enlarged  images  of 
Mars  which  were  taken  on  the  same  photographic  plate  at  short 
intervals,  in  the  hope  of  catching  moments  of  the  best  definition. 
He  obtained  also  pictures  of  Jupiter  and  of  Saturn,  but  instants  of 
the  finest  seeing  when  such  work  was  in  progress  were  too  rare  to 
yield  absolutely  satisfactory  pictures.  When  visiting  Mount  Wilson 
in  191 1,  Mr.  Barnard  obtained  fine  photographs  of  Saturn  with  the 
60-inch  reflector. 

'  Monthly  Notices  of  I  lie  Royal  Astronomical  Society,  71,  471,  1911. 
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We  have  mentioned  before  that  Mr.  Barnard's  early  interest  in 
the  photography  of  comets  and  their  tails  did  not  abate  after  the 
Bruce  telescope  was  put  into  operation  at  the  Yerkes  Observatory. 
He  secured  fine  series  of  photographs  of  all  that  appeared  in  our  sky, 
of  which  may  be  particularly  named:  Giacobini's  of  1905-1906, 
Daniel's  of  1907,  Morehouse's  of  1908,  Halley's  of  1909-1910, 
Brooks's  of  191 1,  Delavan's  of  1914.  Of  these,  Comet  Morehouse 
of  1908  and  Brooks  of  191 1  exhibited  the  most  remarkable  activity 
in  their  caudal  demonstrations,  and  their  eccentricities  kept 
Mr.  Barnard  almost  constantly  at  the  telescope  while  it  was  pos- 
sible to  photograph  them. 

The  return  of  Halley's  Comet  was  awaited  wdth  the  keenest 
anticipation  by  Mr.  Barnard.  He  took  many  photographs  of 
the  region  where  it  might  be  expected  in  1909,  and  followed  it 
persistently  after  it  w^as  revealed  on  Professor  ]\Iax  Wolf's  plate 
of  September  1 1  of  that  year.  The  records  of  previous  appearances 
of  Halley's  Comet  had  been  most  carefully  studied  by  ]\Ir.  Barnard^ 
but  there  were  many  points  on  which  the  history  was  silent  or  incom- 
plete. He  determined  to  provide  against  this  deficiency  for  the 
return  of  1910.  He  kept  very  full  notes  on  all  his  observations 
during  the  twenty  months  through  which  he  was  able  to  follow  the 
comet,  and  embodied  these  in  a  long  paper  appearing  in  the  Astro- 
physical  Journal  for  June,  1914,  entitled,  "Visual  Observations  of 
Halley's  Comet  in  1910"  (39,  373-404).  In  this  paper  he  says: 
''Halley's  Comet  at  its  return  in  1910,  though  a  brilHant  and  inter- 
esting object  to  the  naked  eye — especially  in  the  month  of  JVIay — 
was,  nevertheless,  a  disappointment  when  considered  from  a  photo- 
graphic standpoint.  It  is  safe  to  say  that  it  did  not  give  us  any 
new  information  concerning  these  strange  bodies."  The  expected 
passage  of  the  tail  of  the  comet  so  close  to  the  earth  as  to  envelop  it 
on  May  18-19,  1910,  kept  Mr.  Barnard  on  the  qui  vive,  and  the  sky 
was  watched  throughout  the  day  as  well  as  the  night  with  the  great- 
est of  care.  Mr.  Barnard  felt  amply  rewarded  for  his  pains  by  the 
spectacle  of  the  tail  in  the  early  morning  of  the  19th,  when  he  could 
map  it  visually  for  a  length  of  120  degrees;  even  on  the  preceding 
morning  he  had  been  able  to  record  its  length  as  107  degrees.  He 
last  saw  the  comet  a  year  later,  on  May  23,  191 1,  when  he  secured  a 
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position  of  it,  with  some  difficulty  on  account  of  its  faintness,  with 
the  40-inch  telescope. 

In  order  to  have  observations  of  this  comet  made  in  longitudes 
otherwise  unoccupied,  the  Committee  on  Comets  of  the  American 
Astronomical  Society,  of  which  Professor  Barnard  was  an  active 
member,  secured  a  grant  from  the  Bache  fund  of  the  National 
Academy  of  Sciences,  which  made  it  possible  to  send  Mr.  Ferdinand 
EUerman,  of  the  Mount  Wilson  Observatory,  as  an  observer  at 
Diamond  Head,  Hawaii.  Mr.  Barnard  spent  considerable  time 
in  preparing  his  part  of  the  report  of  the  Committee,  which  was 
printed  in  the  Publications  of  the  Society  in  191 5. 

It  will  be  understood  that  in  addition  to  his  photographic 
observations  of  comets,  Professor  Barnard  was  always  obtaining 
their  positions  with  the  filar  micrometer  of  the  40-inch  telescope, 
whenever  such  positions  were  necessary,  upon  the  first  appearance 
of  a  comet  or  after  it  became  too  faint  for  moderate  instruments. 
It  may  seem  a  little  singular  that  the  large  number  of  long  exposures 
made  by  Mr.  Barnard  on  the  Milky  Way  did  not  lead  to  the  dis- 
covery of  other  new  comets ;  but  such  was  the  case,  and  we  may  well 
beheve  that  this  possibihty  was  not  overlooked  by  one  to  whom 
comets  had  meant  so  much  in  his  earlier  career.  In  addition  to 
those  already  mentioned,  he  was  the  first  to  observe,  at  their  pre- 
dicted return,  Encke's  Comet  in  1914  and  Pons-Winnecke  in  192 1. 
On  a  plate  taken  while  he  was  at  Mount  Wilson  in  1905,  he  found, 
some  months  later,  the  impression  of  a  comet,  which  received  the 
name,  1905  f,  but  was  not  observed  elsewhere. 

In  spite  of  Professor  Barnard's  passion  for  exact  measurement, 
he  still  regarded  his  splendid  photographs  rather  from  the  point 
of  view  of  a  photographer  than  from  that  of  an  expert  in  measure- 
ment; of  course,  whenever  it  was  necessary  he  obtained  the  posi- 
tions of  comets  or  other  objects  on  the  negatives,  but  in  a  general 
way  he  had  these  two  distinct  attitudes  of  mind  in  his  work.  He 
was  somewhat  reluctant  to  feel  that  the  photographic  procedure  in 
astronomy  could  in  many  cases  supersede  the  older  visual  methods 
for  which,  in  some  respects,  a  much  higher  degree  of  expert  skill  was 
necessary.  His  collection  of  some  1400  negatives  of  comets  contains 
material  on  which  a  vast  amount  of  measurement  could  be  made, 


30  EDWIN  B.  FROST 

and  we  trust  that  this  will  sometime  be  done  in  the  study  of  the 
peculiar  internal  motions  of  comets  and  their  tails.  The  negatives 
of  the  IMilky  Way  and  of  fields  of  the  sky  taken  by  Professor 
Barnard  at  the  Yerkes  Observatory  number  nearly  4000,  and  these 
constitute  a  rich  field  for  investigation  of  stellar  motions,  for  dis- 
covery of  variable  stars,  and  for  statistical  studies  of  the  structure 
of  the  universe.  It  is  hoped  that  these  plates,  which  extend  over 
nearly  a  score  of  years,  may  soon  be  investigated  under  the  "blink" 
comparator  for  motions  and  variables,  and  it  is  certain  that  the 
full  study  of  this  splendid  series  of  photographs  will  bring  to  light 
many  important  facts. 

Occasionally,  Mr.  Barnard  had  time  to  investigate  pairs  of 
plates  under  the  "blink"  comparator;  thus,  on  comparing  a  plate 
taken  in  May,  1916,  with  one  of  the  same  field  he  had  taken  with 
the  Willard  lens  in  August,  1894,  he  discovered  the  star  in  Ophiuchus 
having  a  proper  motion  of  io''3  per  year,  the  greatest  proper  motion 
thus  far  detected.  This  motion  was,  in  fact,  so  unexpectedly 
large  as  to  make  the  discovery  very  difficult,  but  the  plates  were 
numerous  enough  to  confirm  its  reality.  The  position  of  the  object, 
familiarly  known  by  our  staff"  as  Gilpin,  was  carefully  measured  by 
Mr.  Barnard  with  the  filar  micrometer.  Its  parallax  was  investi- 
gated here  and  at  other  observatories,  and  was  found  to  be  o''53, 
corresponding  to  a  distance  of  6.1  light  years,  thus  making  this 
dwarf  the  nearest  star,  after  the  system  of  Alpha  Centauri.  With 
the  large  scale  of  the  40-inch  telescope,  photographs  taken  a  week 
apart  make  the  proper  motion  evident  and  measurable! 

Professor  Barnard  was  deeply  interested  in  eclipses  of  the  sun, 
and  he  secured  with  a  visual  lens  some  excellent  photographs  of 
the  corona  at  the  total  eclipse  of  January  i,  1889,  at  The  Willows, 
a  point  in  California  not  far  from  Mount  Hamilton. 

In  1900,  at  the  station  of  the  Yerkes  Observatory  at  Wadesboro, 
North  Carolina,  he  was  again  favored  with  a  clear  sky  and  secured 
excellent  photographs  with  the  horizontal  telescope  of  6i|  feet 
focus,  but  here  he  denied  himself  the  privilege  of  a  direct  view  of  the 
corona,  remaining  inside  the  spacious  camera  with  Mr.  Ritchey  to 
assure  the  accuracy  of  the  exposures  and  the  perfection  of  the  result. 
They  saw  the  corona  only  as  it  was  projected  on  the  photographic 
film. 
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Mr.  Barnard  was  invited  to  join  the  large  expedition  to  Sumatra 
organized  by  the  United  States  Naval  Observatory  for  the  total 
eclipse  of  May  18,  1901.  His  station  was  at  Padang  Padang,  and 
he  planned  every  detail  with  the  greatest  of  care  for  photographs  of 
the  corona  on  a  very  large  scale.  The  duration  of  totality  was  very 
long,  nearly  a  maximum  of  six  minutes.  It  was  tragic  that  a  thick 
blanket  of  clouds  totally  prevented  him  from  making  any  observa- 
tions at  that  time.  He  was  absent  from  the  Observatory  for  about 
six  months,  and  this  further  deprived  him  of  the  opportunity  of 
observing  Nova  Persei  when  it  was  bright. 

He  was  greatly  interested  in  the  eclipse  of  June  8,  1918,  and 
made  a  trip  of  inspection  with  the  writer  in  September,  191 7,  to 
select  suitable  stations  in  Wyoming  and  Colorado.  He  went  on 
with  the  advance  guard  of  our  party  to  our  principal  station  at 
Green  River,  Wyoming,  six  weeks  before  the  date  of  the  eclipse. 
He  took  infinite  pains  in  the  adjustment  of  the  horizontal  telescope 
used  with  our  coelostat  and  could  be  content  with  nothing  but 
perfection  in  the  focusing  of  all  the  cameras  for  which  he  had  any 
responsibility.  Unfortunately,  a  great  cloud  drifted  across  an 
otherwise  perfect  sky  on  that  afternoon,  covering  the  sun  until  two 
or  three  minutes  after  totality  was  over.  Mr.  Barnard  had  been 
again  interested  in  studying  the  conditions  for  the  eclipse  of  Sep- 
terriber  10,  1923,  and  up  to  within  a  fortnight  of  his  death  we  had 
still  hoped  that  he  might  be  a  member  of  our  party. 

Lunar  eclipses  were  not  neglected  by  Professor  Barnard:  he 
had  photographed  successfully,  at  the  Lick  Observatory,  the  eclipses 
of  1894  and  1895,  and  it  was  his  custom  to  make  with  the  Bruce 
telescope  many  photographs  of  the  different  phases  of  each  lunar 
eclipse  which  occurred  in  favorable  weather.  With  that  instrument 
he  also  kept  a  photographic  record  of  all  interesting  conjunctions  of 
the  planets  and  similar  occurrences. 

The  displays  of  the  aurora,  which  occur  frequently  in  Wisconsin, 
were  a  delight  to  Professor  Barnard,  and  he  recorded  their  details 
fully  and  minutely.  Two  extended  papers  based  on  his  observa- 
tions from  1897  to  1909  appeared  in  this  Journal,  and  his  notes 
covering  almost  another  solar  cycle  of  the  aurora  are  still  unpub- 
lished. He  also  gave  attention  to  the  self-luminous  night  haze, 
which  his  long  vigils  had  given  him  unusual  opportunities  to  observe. 
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and  he  presented  two  papers  on  the  subject  to  the  American  Philo- 
sophical Society,  one  in  191 1  and  the  other  in  191 9. 

We  thus  find  him  a  keen  observer  of  nature  in  most  of  its  visible 
phases.  The  meteors  did  not  escape  him  or  his  photographic  plate, 
nor  did  the  seventeen-year  locusts  at  their  regular  recurrence.  In 
the  growth  of  the  trees  which  he  had  planted  about  his  home  he  had 
great  satisfaction,  and  he  had  much  pleasure  in  following  the  devel- 
opment and  planting  of  the  grounds  of  the  Observatory,  when  that 
became  possible  a  few  years  ago. 

In  his  Will,  Professor  Barnard  bequeathed  to  the  University  of 
Chicago  his  home,  as  a  memorial  of  his  wife,  whose  death  occurred 
on  May  25,  192'!..  To  the  Observatory,  he  left  also  his  scientific 
books  and  the  medals  and  awards  he  had  received  in  recognition 
of  his  notable  services  to  science. 

Professor  Barnard's  home  had  been  a  center  of  generous  hospi- 
tality for  a  quarter  of  a  century,  and  nowhere  was  he  more  entertain- 
ing than  as  host  in  his  own  home.  He  was  full  of  humor  and  could 
tell  most  amusingly  of  his  experiences  in  early  hfe  and  of  his  travels. 
It  has  been  the  writer's  good  fortune  to  make  many  railroad  trips 
with  him,  and  he  was  always  a  most  agreeable  companion.  He  was 
shy  and  restive  in  larger  companies  where  he  was  not  well  acquainted 
with  the  other  guests,  and  was  often  quite  nervous  before  giving  a 
lecture  on  a  subject  with  which  he  was  perfectly  familiar.  After  he 
was  well  started  in  an  address  he  quite  lost  this  shyness  and  would 
describe  the  intimate  details  of  his  pictures  in  a  charming  way.  He 
never  spoke  more  interestingly  than  in  one  of  his  last  lectures  which 
he  gave  one  evening,  on  the  subject  of  comets,  at  the  meeting  of  the 
American  Astronomical  Society  at  the  Yerkes  Observatory  in 
September,  1922. 

Always  mindful  of  the  difficulties  that  he  had  to  overcome  in 
his  early  beginnings  as  an  astronomer,  Professor  Barnard  was  most 
generous  in  giving  advice  and  assistance  to  all  sincere  aspirants  for 
knowledge  of  astronomy  who  approached  him  with  questions,  by 
letter  or  in  person,  and  he  gave  his  time  freely  to  such,  in  exhibiting 
and  explaining  his  most  significant  photographs.  He  willingly  took 
his  turn  in  speaking  to  the  large  numbers  of  visitors  admitted  to  the 
Yerkes  Observatory  on  Saturday  afternoons,  and  often  stayed  long 
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after  the  dosing  hour  in  explaining  details  to  those  who  had  evinced 
a  real  interest.  He  was  most  kind  to  other  workers  in  astronomy, 
and  tolerant  in  expressing  opinions  of  them,  even  though  their 
views  might  differ  very  greatly  from  his,  and  though  he  might  regard 
them  as  radically  wrong.  He  avoided  controversy,  and  seldom 
took  his  pen  to  oppose  the  views  of  others. 

Professor  Barnard  was  not  a  teacher.  He  had  missed  the  inspi- 
ration and  opportunity  of  studying  astronomy  under  some  gifted 
enthusiast.  He  had,  of  course,  profited  by  taking  part  in  the  work 
at  an  institution  so  well  planned  and  organized  as  was  the  Lick 
Observatory  by  Director  Holden,  and  had  received  much  benefit 
from  the  sane  counsel  of  his  seniors  there,  particularly  from  Mr. 
Burnham ;  but  he  did  not  realize  from  experience  the  mutual  impor- 
tance of  the  relation  of  teacher  and  pupil,  or  know  the  satisfaction 
of  the  teacher  in  having  an  apt  follower  in  his  research  to  whom  he 
may  pass  on  the  acquisitions  of  his  years  of  study.  Mr.  Barnard 
could  not  bring  himself  to  lose  time  at  the  telescope  in  having  a 
pupil  take  part  in  measurements,  which  he  could  himself  make  so 
much  better,  and  he  begrudged  the  possible  loss,  in  quality,  of  a 
photograph  if  someone  less  skilled  than  himself  took  some  part  in 
the  guiding.  Accordingly,  he  trained  no  one  to  be  his  successor; 
he  left  no  disciple  who  could  take  up  his  work  after  receiving  the 
benefit  of  his  unequalled  experience  as  an  observer  and  of  his  excep- 
tional knowledge  of  the  heavenly  bodies. 

Mr.  Barnard  was  striken  with  diabetes  early  in  the  year  1914, 
and  had  to  undergo  the  severe  privation,  by  the  doctor's  orders,  of 
giving  up  observations  with  the  large  telescope  for  a  year.  As  a 
result  of  his  obedience,  his  health  was  greatly  improved,  and  for  the 
past  seven  years  he  kept  up  his  observing  most  industriously  and 
really  beyond  the  measure  of  his  bodily  strength.  It  was  regarded 
by  the  director  of  the  Observatory  as  no  small  part  of  his  duties  to 
see  that  such  a  man  should  be  induced  to  spare  himself  as  much  as 
possible  and  to  restrict  his  night  work  both  to  save  him  from  exhaus- 
tion and  to  gain  time  for  the  reduction  and  discussion  of  his  great 
accumulation  of  observations.  But  it  was  almost  impossible  for 
Mr.  Barnard  to  keep  away  from  the  Bruce  photographic  telescope 
when  the  sky  was  clear  and  the  moon  did  not  interfere. 


34  EDWIN  B'.  FROST 

He  was  greatly  affected  by  the  death  of  his  wife  in  May,  192 1, 
after  a  brief  illness  and  after  forty  years  of  married  life  in  which 
she  had  devoted  herself  completely  to  his  comfort.  They  had  no 
children,  and  thus  Mr.  Barnard  missed  the  joys  and  responsibih- 
;ties  of  parenthood,  even  as  he  had  himself  missed  the  experience  of 
the  relation  of  son  to  father. 

His  final  illness  was  of  only  six  weeks'  duration,  and  began  rather 
acutely.  The  best  of  medical  skill  was  given  him,  and  up  to  a  short 
time  before  his  death  the  specialist  was  hopeful  of  his  recovery.  He 
died  at  eight  o'clock  on  the  evening  of  February  6,  and  simple 
funeral  services  were  held  on  the  following  day  in  the  rotunda  of 
the  Observatory,  which  seemed  to  us  the  appropriate  place.  The  in- 
terment was  at  Nashville,  after  services  attended  by  many  friends  in 
his  native  city  and  from  his  Alma  Mater.  He  had  always  been  highly 
appreciated  at  Nashville,  and  one  of  the  interesting  evidences  of  this 
was  the  erection,  not  long  ago,  by  the  Nashville  Automobile  Club, 
in  co-operation  with  the  Nashville  Historical  Committee,  of  a  tab- 
let at  the  place  in  the  city  where  the  young  enthusiast  discovered 
his  first  comet  in  1881. 

Measured  by  the  calendar,  his  Hfe  was  but  little  more  than 
sixty-five  years,  but,  by  the  number  of  hours  he  had  spent  under 
the  nocturnal  sky  or  in  the  domes,  his  period  of  activity  was  more 
than  that  of  many  who  had  passed  four  score  years. 

His  services  to  science  were  recognized  by  the  learned  societies. 
He  was  vice-president  of  the  American  Association  for  the  Advance- 
ment of  Science  in  1898,  and  delivered  an  address  upon  "The 
Development  of  Photography  in  Astronomy."  In  the  same  year 
he  was  elected  a  foreign  associate  of  the  Royal  Astronomical  Society. 
He  became  a  member  of  the  American  Academy  of  Arts  and  Sciences 
in  1892,  of  the  American  Philosophical  Society  in  1903,  and  of  the 
National  Academy  of  Sciences  in  191 1.  He  was  made  a  director 
of  the  B.  A.  Gould  Fund,  under  the  auspices  of  the  National 
Academy,  in  19 14,  and  at  the  same  time  an  associate  editor  of  the 
Astronomical  Journal.  He  had  been  for  three  years  (1892-1894) 
associate  editor  of  the  journal  Astronomy  and  Astrophysics.  In 
addition  to  the  medals  mentioned  heretofore  in  this  article,  he 
received  from  the  French  Academy  of  Sciences  in  1893  the  Arago 
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gold  medal,  and  in  1900  the  Janssen  gold  medal;  he  was  the  recip- 
ient of  the  Janssen  prize  of  the  Astronomical  Society  of  France  in 
1906,  and  was  awarded  the  Bruce  gold  medal  of  the  Astronomical 
Society  of  the  Pacific  in  191 7.  The  last-named  society  had  three 
times  awarded  him  the  Donohoe  comet  medal.  He  was  given  the 
honorary  degree  of  Doctor  of  Science  by  Vanderbilt  University  in 
1893,  and  that  of  Doctor  of  Laws  by  Queen's  University,  of  Kings- 
ton, Ontario,  in  1909. 

The  voluminous  character  of  his  contributions  to  astronomical 
literature  has  already  been  indicated,  but  we  may  add  that  a  card 
catalogue  of  his  writings  includes  no  less  than  900  items,  without 
being  complete.  A  bibliography  of  his  articles  which  appeared 
since  his  connection  began  with  the  University  of  Chicago  in  1895 
has  been  published  in  the  list  of  publications  of  the  faculties  issued 
annually  by  the  University  of  Chicago  and  also  collected  in  two 
special  volumes  of  this  character  covering  the  first  twenty-five 
years  of  the  work  of  the  University.  These  contain  the  titles  of  377 
articles  and  6  book  reviews  by  Professor  Barnard,  to  which  num- 
ber will  be  added,  as  time  permits  their  preparation,  numerous 
papers  covering  his  unpublished  observations. 

His  last  measurements  with  the  40-inch  telescope  were  made  on 

the  night  of  December  16,  1922,  when  he  secured  the  position  of 

Baade's  Comet;   his  last  visual  observations  with  that  instrument 

were  on  December  21,  when  he  made  nineteen  estimates  of  the 

brightness  of  Nova  Persei,  referred  to  thirteen  comparison  stars; 

and  his  last  use  of  that  instrument  was  later  on  that  night  when  he 

made  a  photograph  of  the  cluster,  Messier  36,  with  an  exposure  of 

two  hours.     A  photograph  of  the  region  of  Gamma  Leonis,  made  on 

the  following  night  with  the  Bruce  telescope,  closed  his  long  and 

untiring  work  with  that  instrument.     His  last  visual  observation 

was  of  the  occultation  of  Venus  on  the  morning  of  January  13,  1923, 

which  he  observed  from  the  window  of  his  sick  room.     Thus  closes 

the  record  of  the  astronomical  activity  of  one  of  the   greatest 

observers  of  our  time,  of  whom  may  be  truly  said 

"Aperuit  caelos." 

Yerkes  Observatory 
June  1923 


INVESTIGATIONS  OF  PLATE  ERRORS  WITH  THE 
THERMO-ELECTRIC  PHOTOMETER 

By  HARLAN  TRUE  STETSON  and  EDWIN  F.  CARPENTER 

ABSTRACT 

Thermo-electric  photometer  for  stellar  images. — The  improvements  in  apparatus 
described  in  previous  articles  in  this  Journal  have  resulted  in  reducing  the  time  neces- 
sary for  the  measurement  of  star  magnitudes  by  at  least  50  per  cent  and,  at  the  same 
time,  increasing  the  sensitivity  from  100  to  200  per  cent.  The  probable  error  of  meas- 
urement of  a  photographic  star  image  is  ±0.007  ™3.g.,  so  far  as  the  errors  of  apparatus 
and  manipulation  are  concerned. 

Tests  of  uniformity  of  emulsion  on  photographic  plates. — Tests  were  made  to  deter- 
mine the  degree  of  uniformity  in  the  emulsion  of  the  photographic  plates,  (a)  by  securing 
equal  exposures  of  an  artificial  star  scattered  widely  over  the  plate,  and  measuring 
the  resulting  images  with  the  thermo-electric  photometer;  {b)  by  exposing  restricted 
but  widely  scattered  regions  of  the  plate  to  a  uniform  source,  and  measuring  the 
opacities  as  for  extra-focal  images.  The  sensitivity  of  a  plate  was  found  to  be  more 
nearly  uniform  over  the  entire  surface  when  the  plates  were  presoaked  for  one  hour 
after  exposure  and  before  development,  and  allowed  to  dry  on  edge  in  still  air.  The 
probable  error  due  to  n  on -■uniformity  for  extra-focal  work  was  found  to  be  0.03  mag.  and 
iot  focal  work  0.02  mag.  for  a  single  "image"  from  the  photometric  measures.  A 
tendency  to  systematic  changes  in  sensitivity  over  the  surface  is  indicated. 

In  articles  previously  published  in  this  Journal,^  an  apparatus 
and  method  were  described  for  measuring  the  magnitudes  of  stars 
from  photographic  plates  by  means  of  a  thermopile.  Although 
the  thermopile  could  be  used  simply  for  the  measurement  of  plate 
opacities  in  extra-focal  images,  it  was  pointed  out  that  the  principal 
merits  and  advantages  of  the  thermo-electric  photometer  lay  in 
the  measurement  of  focal  images,  where  it  appeared  a  higher  degree 
of  precision  could  be  obtained  by  this  method  than  by  other  methods 
apphcable  to  focal  images. 

As  has  been  pointed  out,^  the  most  serious  drawback  to  a  con- 
siderable gain  in  precision  in  photographic  photometry  seems  to 
lie  in  the  errors  inherent  in  the  plate  itself.  Previous  investigations 
have  left  considerable  uncertainty  as  to  the  actual  order  of  accuracy 
which  the  plate  may  be  relied  upon  to  render  in  photometric  work. 
In  any  investigation  of  plate  errors,  it  appears  at  once  that  the 
method  of  measurement  must  exceed  in  accuracy  the  reliability 

^  Astrophysical  Journal,  43,  253  and  325,  1916. 
'Ibid.,  43,  278,  279. 
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of  the  plate,  for  it  is  only  by  such  means  that  we  can  make  reliable 
deductions  which  may  lead  to  improvements  in  the  photographic 
process,  or  that  may  render  feasible  a  higher  degree  of  precision  in 
photographic  photometry.  The  thermo-electric  photometer,  there- 
fore, is  peculiarly  adapted  to  such  an  end. 

Before  describing  the  methods  and  results  of  the  plate  tests, 
mention  should  be  made  of  some  important  improvements  in  the 
design  and  construction  of  the  photometer  since  the  publication  of 
the  description  of  the  apparatus  in  the  previous  account.' 

IMPROVEMENTS   IN    THE   APPARATUS 

The  general  scheme  of  the  arrangement  has  remained  unchanged, 
and  is  that  depicted  in  drawing  in  the  earlier  article  to  which  refer- 
ence is  again  made.  However,  by  refinements  in  the  optical 
system  and  the  use  of  a  newer  type  of  galvanometer,  a  remarkable 
gain  in  sensitivity  has  resulted,  which  has  made  possible  the  elimina- 
tion of  the  200  watt  50-volt  lamp  as  a  source,  and  the  substitution 
in  its  place  of  a  20  watt  6-volt  lamp  of  standard  make.  This 
lamp  contains  a  filament  of  tungsten  wire  in  the  form  of  a  closely 
wound  hehx  of  small  dimensions.  Its  efficiency  in  the  operation 
of  the  photometer  depends  as  before  upon  the  proper  orientation  of 
the  filaments  in  such  a  way  that  the  images  formed  by  the  con- 
densing lens  shall  cover  the  diaphragm  with  approximately  uniform 
illumination. 

This  tenfold  reduction  in  the  wattage  of  the  lamp  has  not  only 
made  possible  the  use  of  a  small  portable  storage  battery  in  place  of 
the  50-volt  battery,  but  avoids  undue  heating  of  the  emulsion  of 
the  plate  during  the  process  of  measurement,  thereby  producing 
more  equable  conditions  of  temperature.  In  spite  of  the  marked 
reduction  in  the  energy  of  the  source,  it  has  become  possible  by 
virtue  of  the  improved  galvanometer  to  employ  diaphragms  40  per 
cent  smaller  than  had  previously  appeared  practicable,  so  that  for 
faint  star  images  of  the  order  of  o.i  mm  in  diameter  a  diaphragm 
0.3  mm  in  diameter  is  employed,  giving  values  of  5  (the  fall  in 
galvanometer  deflection  for  a  given  star  image)  80  per  cent  greater 
for  a  given  star  image  than  had  been  obtained  previously  with  a 

'  Loc.  cit. 
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diaphragm  0.5  mm  in  diameter.  The  galvanometer  now  used  is  a 
D'Arsonval,  type  R,  manufactured  by  the  Leeds  Northrup  Company. 
It  has  a  sensitivity  of  2.3  mm  per  microvolt,  an  internal  resistance 
of  10  ohms,  and  a  period  of  5  sec.  when  in  series  with  critical  damping 
Resistance  of  50  ohms.  With  the  outfit  as  thus  described  and  illus- 
trated in  Figure  i,  an  actual  gain  in  sensitivity  of  100  to  200  per 
cent  has  been  secured. 


Fig.  I. — The  thermo-electric  photometer  and  auxiliary  apparatus 

More  recently,  furthermore,  the  addition  of  a  metallic  plate 
inside  the  thermopile  house  just  above  the  thermo  elements  has 
facilitated  radiation  from  the  cold  junctions  and  reduced  from  50 
to  75  per  cent  the  time  consumed  in  establishing  thermal  equi- 
librium. Recent  work  shows  that  the  time  necessary  for  the 
measurement  and  reduction  of  a  star  magnitude,  making  five 
settings  for  each  image,  is  about  two  and  one-half  minutes,  with  a 
probable  error  of  measurement  of  0.007  mag. 

By  employing  three  right-angled  prisms  and  an  adjustable 
mirror,  it  was  found  possible  to  combine  the  microscope  for  viewing 
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the  plate  with  the  short-range  telescope  by  means  of  which  the 
centering  of  the  star  image  upon  the  thermopile  is  effective.  A 
small  lever  just  below  the  eye  lens  tilts  a  mirror  within  the  tube  into 
either  of  two  positions,  allowing  the  observer  to  look  directly  through 
to  the  plate  surface  at  the  top  of  the  stage,  or  by  way  of  the  three 
prisms  to  view  the  bottom  of  the  well  in  the  thermopile  house  for 
the  purpose  of  centering  the  star  image  upon  the  receiving  surface 
of  the  thermopile. 

In  manipulation  of  thermo-electric  apparatus,  too  great  emphasis 
can  hardly  be  stressed  upon  securing  firm  contacts  not  only  in  the 
thermopile-galvanometer  circuit  but  in  the  battery-lamp  circuit 
as  weU.  Any  slight  irregularity  in  current  flow  interrupts  the 
wattage  output  of  the  lamp  with  an  instant  effect  upon  the  gal- 
vanometer deflections. 

DESCRIPTION   OF   THE   PLATE-TESTING  DEVICE 

In  devising  an  arrangement  for  testing  variations  in  sensitivity 
over  a  photographic  plate,  two  fundamentally  different  methods 
may  be  used:  (i)  to  expose  a  large  number  of  isolated  spots  on  the 
plate  simultaneously  to  a  uniform  field  of  illumination;  and  (2)  to 
cover  the  plate  with  a  series  of  successive  exposures  equally  timed 
and  of  the  same  illumination.  The  first  method  of  single  exposure 
guarantees  equal  exposure  times  for  all  parts,  but  presents  no  little 
difficulty  in  devising  a  source  of  light  which  may  be  trusted  to  give 
the  same  intensity  of  illumination  on  all  parts  of  the  plate.  In  the 
method  of  successive  exposures,  we  may  arrange  for  each  exposure 
to  take  place  in  the  optical  axis  of  the  system,  and  by  so  doing 
imprint  artificial  star  images  over  the  entire  surface  of  the  film  by 
suitably  moving  the  plate  after  each  exposure.  The  special  pre- 
cautions necessary  in  this  arrangement  are  to  maintain  constant  the 
source  of  illumination,  distance  of  the  plate  from  the  source,  and 
time  of  exposure. 

In  the  present  investigation,  it  was  decided  to  adopt,  first,  the 
second  of  these  methods  of  procedure,  since  it  made  possible  the 
photography  of  artificial  star  images  free  from  field  corrections, 
which  would  very  closely  simulate  astronomical  conditions. 
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The  apparatus  as  adopted  in  its  final  form  for  making  the 
plate  tests  consists  of  a  small  artificial  star  (pinhole  diaphragm) 
illuminated  by  a  24-watt  lamp,  fed  by  an  8-volt  storage  battery  of 
1 20-ampere-hour  capacity.  The  exposures  are  produced  by 
releasing  a  pendulum  shutter  which  uncovers  the  "star"  for 
about  one  second.  The  equality  of  the  exposure  times  is  main- 
tained by  the  isochronism  of  the  pendulum,  and  can  undoubtedly 
be  relied  upon  to  an  accuracy  well  within  i  per  cent. 

At  a  distance  of  100  cm  from  the  "star"  is  an  anastigmat  lens 
of  i6-cm  focus,  which  serves  to  form  the  image  on  the  plate  to  be 
tested.  The  ways  that  carry  the  plate  are  mounted  on  a  rotating 
disk,  the  axis  of  which  in  turn  is  mounted  so  as  to  allow  motion  in 
horizontal  ways  at  right  angles  to  the  optical  axis  of  the  system. 
This  combination  of  polar  and  rectangular  co-ordinates  was  adopted 
to  facilitate  both  construction  and  manipulation,  and  minimizes 
the  errors  attributable  to  variation  in  focus  as  the  plate  is  moved 
to  bring  different  parts  into  the  optical  axis  for  the  exposures.  A 
series  of  depressions  on  the  back  side  of  the  metal  disk  carrying  the 
plate  and  a  series  of  notches  on  the  horizontal  ways  serve  as  con- 
venient stops  for  spring  palls  which  locate  the  position  of  each 
exposure  on  the  plate  as  it  is  rotated  in  position  angle  and  moved 
horizontally  in  the  ways.  The  complete  apparatus  is  set  up  in  the 
photographic  dark  room  of  the  laboratory,  and  is  operated  in  total 
darkness  without  inconvenience. 

A  plate  properly  exposed  and  developed  shows  a  series  of  images 
uniformly  distributed  over  the  surface  to  within  about  10  mm  of 
the  edge.  These  images,  having  received  equal  exposures,  should 
then  all  be  of  equal  size  and  blackness,  and,  when  measured  on  the 
thermo-electric  photometer,  should  yield  the  same  magnitude  within 
the  experimental  errors,  provided  the  sensitivity  of  the  film  is  uni- 
form over  the  entire  surface.  This  will  not  be  the  case,  and  the 
discrepancies  which  result  will  therefore  be  a  measure  of  irregulari- 
ties in  the  film  sensitivity. 

In  order  to  interpret  the  measured  irregularities,  there  must  be 
impressed  upon  the  film  a  series  of  images  of  known  magnitude 
difference.     This  is  accomplished  by  making  additional  exposures 
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while  in  the  testing  machine,  and  varying  the  aperture  of  the  camera 
lens  by  the  use  of  diaphragms  giving  approximately  half-magnitude 
intervals.  The  exact  values  for  the  diaphragms  were  computed 
through  measurement  of  their  diameters. 

With  such  a  scale  of  magnitudes,  the  plate  gamma  is  readUy 
determined  from  the  thermo-electric  measures  and  therefrom  the 
magnitude  residuals  for  each  image  become  known.  A  number  of 
"Seed  30"  plates  (4  in. X5  in.)  tested  in  this  way  showed  probable 
errors  of  .05-.08  of  a  magnitude  for  commercial  plates  receiving 
the  ordinary  treatment  in  development.  As  this  error  was  con- 
siderably larger  than  was  anticipated,  some  plate-glass  plates  were 
secured  through  the  courtesy  of  the  Eastman  Kodak  Company, 
which,  it  was  hoped,  would  reduce  these  errors  somewhat.  It 
seemed  likely  that  the  concavity  of  the  ordinary  plate,  which  from  a 
series  of  tests  was  found  to  vary  from  about  0.002  in.  to  0.008  in. 
on  the  4X5  size,  might  be  responsible  for  different  thicknesses  in 
the  emulsion  at  different  parts  of  the  plate.  Furthermore,  this 
concavity  introduces  a  small  magnitude  error  for  focal  images  in  that 
the  entire  film  surface  cannot  be  relied  upon  to  preserve  a  constant 
relation  to  the  focal  plane  of  the  objective. 

Comparison  of  results  obtained  with  the  ordinary  and  the  plate- 
glass  plates,  however,  did  not  show  startling  differences,  except 
where  the  surface  of  a  commercial  plate  proved  unusually  poor. 
The  consistently  smaller  probable  error  which  results  from  the  use 
of  plate  glass  shows,  however,  that  for  work  in  photometry  of  the 
highest  precision,  plate  glass  should  be  adopted  as  a  necessary 
requisite  for  the  support  of  the  photographic  emulsion. 

For  the  purposes  of  studying  the  distribution  of  plate  errors,  a 
chart  was  made  of  each  plate  studied,  an  example  of  which  is  shown  in 
Figure  2.  A  tendency  to  systematic  distribution  of  plus  and  minus 
errors  led  to  the  detection  of  the  source  in  a  small  change  in  focus 
of  about  0.0005  in.  (0.0012  cm)  as  the  plate  carrier  was  rotated 
and  shifted  in  the  testing  machine.  Careful  measurements  with  a 
surface  gauge  were  taken  for  the  focal  setting  of  each  point  with  a 
plate  in  the  testing  machine;  and  the  small  variations  in  focus, 
thus  determined,  were  plotted  against  the  mean  of  the  magnitude 
errors  of  each  "star  image"  for  a  series  of  plates.     The  results 
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gave  nearly  a  straight-line  relation  showing  a  change  of  o.i  mag. 
for  a  change  in  focus  of  0.0002  cm.  When  the  allowance  was  made 
for  these  systematic  errors,  the  probable  error  for  a  single  image  was 
reduced  about  .02  of  a  magnitude. 

Inasmuch  as  it  seems  probable  that  the  errors  are  chiefly  intro- 
diiced  during  the  drying  process,  due  to  unequal  draining  and  evapo- 
ration of  the  wash  water,  numerous  tests  were  made  of  plates  dried 
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Fig.   2 . — Plot  showing  magnitude  residuals  for  Plate  HS  63  P. 
indicates  positive  and  italics  negative  residuals.     Unit  =  o.oi  mag. 
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in  different  positions,  viz.,  face  up,  face  down,  on  edge  with  side 
down,  and  on  edge  with  corner  down.  The  result  of  these  tests 
showed  that  nothing  was  to  be  gained  by  any  different  orientation 
than  that  usually  and  most  conveniently  adopted,  i.e.,  corner  down. 
To  test  the  effect  of  speed  of  drying,  plates  were  dried  by  force 
in  two  ways:  {a)  by  use  of  alcohol,  {h)  by  electric  fan;  and  results 
in  both  cases  showed  a  considerable  increase  in  the  size  of  errors. 
Errors  were  less  for  plates  dried  slowly  in  still  air  by  means  of  a 
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drying  cabinet  consisting  of  a  wooden  frame  covered  with  cheese- 
cloth and  containing  two  supporting  shelves  of  coarse  wire  screening. 

Correspondence  with  Dr.  Ross,  of  the  Eastman  Kodak  Company, 
led  to  the  experiment  of  soaking  the  plates  for  one  hour,  preferably 
in  distilled  water,  just  before  development.  The  average  probable 
errors  on  plates  so  treated  were  about  one-half  that  of  unsoaked 
plates.  This  appears  to  be  an  important  step.  It  seems  probable 
that  the  prolonged  soaking  reHeves  certain  strains  in  the  gelatin 
emulsion,  resulting  in  better  uniformity  both  in  development  and  in 
the  subsequent  drying. 

Test  exposures  have  been  made  on  some  plates  backed  with 
plate  glass  and  ordinary  glass,  and  including  "Seed  27,"  "Seed  30," 
"Seed  23,"  and  "Cramer  Hi-Speed"  emulsions.  There  seems  to 
be  little  difference  between  the  fast  and  slow  plates,  judging  from 
the  plates  tested.  Experiments  were  tried  with  different  developers 
including  ferrous  oxalate,  hydroquinone ;  and  slightly  smaller 
errors  have  seemed  to  favor  the  hydroquinone  developer  which, 
as  used  in  the  present  instance,  was  compounded  as  follows: 

A  B 

Water  (distilled) 100  cc  \\'ater  (distilled) 100  cc 

Sodium  Sulphite 3  gm  Sodium  Sulphite 3  gm 

Hydroquinone 3.7  gm  Potassium  Carbonate 12  gm 

Sulphuric  Acid 0.4  gm  Potassium  Bromide 2  gm 

A  brief  table  (I)  giving  a  detailed  summary  of  some  of  the  more  recent 
tests  is  appended. 

The  first  colmnn  gives  the  serial  number  of  the  test  plate,  the 
second  column  the  kind  of  plate — the  sufi&x  letter  C  or  P  indicating 
commercial  or  plate  glass,  as  the  case  might  be.  The  third  and 
fourth  columns  give  the  emulsion  number  and  the  kind  of  developer 
used.  The  fifth  column  gives  the  probable  error  for  a  single  image 
as  determined  from  each  plate  on  the  assumption  that  all  errors 
result  from  the  emulsion  itself.  The  last  column  gives  the  same 
probable  error  when  corrected  for  the  systematic  errors  of  the  testing 
device,  due  to  the  slight  change  in  focus  as  the  plate  is  rotating. 

After  it  appeared  that, little  further  variation  in  the  probable 
error  was  to  be  expected  from  further  tests  of  this  kind  it  was  decided 
to  try  the  first  of  the  two  methods  mentioned,  namely,  exposing 
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simultaneously  selected  parts  of  a  plate  to  a  uniform  source.  In 
doing  this,  all  questions  of  variation  in  focus  would  be  eliminated. 
The  plate  was  accordingly  placed  in  a  holder  directly  behind  and 
in  contact  with  a  grid  which  should  give  alternate  exposed  and 
unexposed  regions.  The  plate  was  then  exposed  to  a  source  of 
illiimination  rendered  as  nearly  uniform  as  possible  through  the 
use  of  multiple  diffusing  screens  and  was  rotated  by  a  motor  through- 
out the  exposure  so  that  any  lack  of  uniformity  in  the  illumination 
should  appear  as  systematic  differences  in  opacity  concentric  about 
the  geometric  center  of  the  plate.     Some  forty  or  fifty  spots  were 

TABLE  I 


Plate  No. 

Kind 

Emulsion 

Developer 

Prob.  Error 

for  Single 

Image 

Corrected 
Prob.  Error 

25 

27 

31 

32 

33 

38 

43 

62 

63 

65 

Seed  30  C 
Seed  30  C 
Seed  30  C 
Seed  30  P 
Seed  30  P 
Wellington  X  C 
Wellington  X  C 
Cramer  Hi.-P 
Cramer  Hi.-P 
Seed  30  P 

4200-12-53 
4200-12-53 
4035-26-83 

4239-4-4 
4239-4-4 
5872  B  B 
5872  B  B 
24413  A2EN 
24413  A2EN 
5266-80-27 

E.Q. 

Ferrous  Oxalate 

Hydroquinone 

Hydroquinone* 

Hydroquinone  * 

Hydroquinone* 

Hydroquinone* 

Hydroquinone* 

Hydroquinone* 

Hydroquinone 

±0^061 

±0.052 

±0.037 

±0.047 

±0.034 

±0.032 

±o.o65t 

±0.043 

±0.034 

±0.050 

±    .024 
±    .021 
±    .015 
±    .021 

±    .022 
±    .026 
±    .036 

*  Indicates  that  the  plate  was  immersed  in  water  at  approximately  70°  F.  for  about  one  hour  before 
development. 

t  This  plate  was  an  ordinary  glass  with  an  unusually  poor  surface  as  found  from  surface  measures. 


selected  on  the  resulting  plates  for  measurement  of  opacity  with 
the  thermo-electric  photometer.  Readings  on  the  clear  glass 
channels  between  the  exposed  strips  were  taken  in  every  instance 
to  eliminate  glass  and  gelatine  absorption  as  usual.  A  system  of 
standard  squares  of  known  magnitude  differences  as  used  at  the 
Harvard  College  Observatory  by  Professor  King  was  imposed 
for  giving  the  plate  gamma.  Measures  of  opacities  in  this  way 
giA^e  a  direct  indication  of  the  magnitude  of  the  errors  which  would 
be  involved  in  the  method  of  extra-focal  measures  due  to  lack  of 
uniformity  in  plate  sensitivity.  The  probable  error  for  a  single 
"image"  was  found  to  be  of  the  order  of  0^^035  or  about  50  per  cent 
larger  than  the  results  for  focal  images.  Furthermore,  decided 
tendencies  to  systematic  distribution  of  plus  and  minus  residuals 
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left  little  doubt  that  the  major  part  of  the  difficulty  lies  in  the 
manufacture  and  apphcation  of  the  emulsion  to  the  plate  itself 
and  that  the  use  of  plate  glass  probably  does  not  modify  the  results 
of  extra-focal  measures. 

CONCLUSION 

From  the  results  of  the  present  investigation,  the  errors  in 
magnitude  of  star  images  due  to  irregularities  in  different  parts  of 
the  same  plate  are  of  the  order  of  three  or  four  hundredths  of  a 
magnitude.  These  errors  are  unquestionably  but  not  startHngly 
reduced  by  the  use  of  plate  glass.  It  seems  unlikely  that  there  is 
any  consistent  difference  in  plates  of  any  of  the  well-known  brands 
represented,  or  that  the  plate  errors  depend  in  any  direct  way  on  the 
speed  of  the  emulsion.  It  does  not  seem  probable  that  different 
developers  will  give  very  different  results,  but  there  is  room  for 
further  investigation  here.  It  does  seem  probable  that  prolonged 
immersion  of  the  plate  in  water  before  development  improves  the 
uniformity,  and  that  slow  drying  likewise  favors  uniformity. 

To  summarize  results,  it  appears  that  the  probable  error  in  mag- 
nitude of  photographic  plates  may  be  kept  down  to  the  order  of 
about  o^'o2,  such  results  having  been  attained  in  the  present  investi- 
gations under  the  following  conditions: 

1.  Plates  soaked  in  water  (65°  F.)  for  one  hour  between  exposure 
and  development. 

2.  Developed  in  hydroquinone  (modified  Wallace  formula). 

3.  Dried  in  still  air,  on  edge,  corner  down. 

The  diameters  of  the  images  involved  in  this  investigation  were 
of  the  order  of  0.2  mm. 

Measure  of  opacities  of  more  extended  areas,  as  for  extra-focal 
images,  indicated  probable  errors  about  50  per  cent  larger  than  for 
focal  images. 
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THE  HYDROGEN  BALMER  SERIES  AND  THE  IMPOSSI- 
BILITY OF  FURTHER  CORRECTIONS  TO  THE 
QUANTIZING  OF  HYDROGENIC  ATOMS 

By  ARTHUR  E.  RUARK 

ABSTRACT 

Wave-lenglhs  of  the  Balmer  lines  H3  to  H18. — In  Table  I  the  values  of  X  from  H7 
to  H18  are  more  accurate  than  any  values  previousl}'  given,  but  they  are  not  precise 
enough  to  yield  a  definitive  value  of  the  Rydberg  constant  Rn.  Formulas  are  ob- 
tained for  calculating  Rs  from  the  wave-length  of  an  unresolved  Balmer  line.  The 
mam  components  of  Hi  are  separated  by  o.  0584  A. 

The  relativity  correction  only  is  needed  to  explain  existing  observations. — (i)  The 
observed  structure  of  the  lines  does  not  admit  a  correction  due  to  asphericity  af  tiucleiis 
or  electron;  Silberstein's  theory  shows  that  if  the  nucleus  and  electron  have  radii  of 
about  3 .  10-13  cm,  the  alteration  of  the  lines  would  be  unobservable.  (2)  H.  A.Wilson's 
correction  to  the  gnaniizing  of  the  atom,  due  to  motion  of  a  part  of  the  potential  energy 
with  the  electron,  is  not  in  accord  with  experiment.  (3)  H.  S.  Allen's  formula  for  the 
correction  due  to  a  possible  intrinsic  magnetic  moment  of  the  nucleus  is  extended  to 
the  case  of  elliptic  orbits;  a  magnetic  moment  of  one  Weiss  magneton  in  the  nuclei 
of  H  or  He  would  distort  the  fine  structure  of  H  and  He  +  lines  by  a  readily  observable 
amount;  therefore  it  cannot  exist. 

Much  recent  experimental  work  on  the  hydrogen  spectrum  has 
dealt  with  the  fine  structure  of  the  first  few  Balmer  lines,  so  that  the 
relativistic  quantizing  of  the  atom  might  be  tested  further.  It  is 
possible,  however,  to  arrive  at  a  conclusion  more  easily  by  accurate 
measurement  of  the  wave-lengths  of  higher  members  of  the  Balmer 
series.  In  recent  papers  Professor  R.  W.  Wood'  has  described 
methods  by  which  he  photographed  twenty-two  Balmer  lines,  using 
the  Hght  from  the  central  part  of  a  long  vacuum  tube  through  which 
moist  hydrogen  was  flowing.  In  such  a  tube  the  secondary  spec- 
trum is  nearly  absent,  and  the  greatest  difficulty  in  extending  the 
Balmer  series  is  the  suppression  of  the  continuous  spectrum  which 
masks  the  faint  lines  of  higher  order.  In  the  spring  of  1922  Dr. 
Wood  obtained  an  excellent  series  of  plates  in  the  second  and  third 
orders  of  a  7-inch  plane  grating,  having  a  resolving  power  practically 
equal  to  the  theoretical  value;  it  was  used  under  good  temperature 
control  in  a  20-foot  Littrow  mount,  giving  a  dispersion  of  1.27  A 
per  mm  in  the  second  order  at  3800  A.     The  author  undertook  to 

'  Proceedings  of  the  Royal  Society,  A,  97, 455,  1920;  Philosophical  Magazine,  42,  729, 
1921;  ibid.,  44,  538,  1922. 
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measure  these  plates  in  order  (i)  to  furnish  better  wave-lengths  for 
the  higher  members  of  the  series;  (2)  to  determine  the  Rydberg 
constant;  and  (3)  to  test  the  necessity  of  corrections  to  the  theory 
of  hydrogenic  atoms,  arising  in  the  asymmetry  of  nucleus  or  electron, 
or  in  the  existence  of  an  intrinsic  magnetic  moment  in  either  of  the 
two,  or,  finally,  in  the  possibility  that  part  of  the  potential  energy' 
of  the  atom  may  be  considered  to  move  with  the  electron,  so  as  to 
change  its  apparent  mass.  These  three  corrections  have  been 
suggested  by  Dr.  L.  Silberstein,  Professor  H.  S.  Allen,  and  Professor 
H.  A.  Wilson,  respectively. 

I.      MEASUREMENT   OF   THE   BALMER   LINES 

The  grating  measurements  of  Professor  Ames^  were  referred  to 
the  Rowland  system,  and  cannot  be  converted  to  LA.  without 
introducing  error,  while  the  spectrograms  of  Dyson,  of  Evershed, 
and  of  MitchelP  were  obtained  under  eclipse  conditions.  The  only 
measures  suitable  for  testing  the  quantizing  of  hydrogen  are  as 
follows : 

Paschen,  grating,  lines  1-4,  Annalen  der  Physik,  50,  901,  1916. 

Meissner,  interferometer,  lines  i  and  2,  ibid. 

Curtis,  grating,  lines  1-6,  Proceedings  of  the  Royal  Society,  A,  90,  605,  1914; 
and  96,  147,  1919. 

The  probable  error  of  Paschen's  work  is  0.004  A;  that  of  Curtis' 
measurements  is  smaller  because  he  used  from  nine  to  fourteen 
plates  for  each  hne.  Probable  error  is  not  so  good  a  criterion  of 
precision  as  the  average  deviation,  but  it  is  certain  that  both  sets 
of  data  are  very  accurate. 

The  author's  wave-lengths  are  referred  to  tertiary  iron  standards; 
only  those  hnes  were  utihzed  which  do  not  show  appreciable  pole 
effect  and  which  are  assigned  the  same  wave-length  by  Burns, 
Meggers,  and  Merrill,^  and  St.  John  and  Babcock.''  Seldom  was 
it  necessary  to  use  a  standard  more  than  8  A  from  a  Balmer  line, 
and  the  dispersion  was  Hnear,  within  the  limits  of  the  desired 
accuracy,  for  a  distance  of  15  A  on  either  side  of  the  line.     The 

"  Kayser's  Handbuch,  Vol.  5. 

^  Astrophysical  Journal,  38,  407,  1913. 

^  Btdletin  of  the  Bureau  of  Standards,  13,  245,  1916. 

^  Astrophysical  Journal,  53,  260,  1921. 
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lines  appeared  of  uniform  density  and  the  middle  was  set  on,  with 
a  single  exception:  on  two  plates  H3  was  well  separated,  due  to 
short  exposure,  and  here  the  minimum  was  set  on.  Each  line  was 
measured  from  three  to  eight  times  in  each  direction  on  each  plate, 
to  reduce  error  of  measurement  as  far  as  possible.  The  data  of 
Meggers  and  Peters'  were  used  in  reducing  to  vacuum.  Table  I 
gives  the  results:  If  equal  weights  are  assigned  to  the  data  of 
Paschen,  Curtis,  and  the  author,  we  get  the  following  wave-lengths 
for  H3  to  H6  unresolved:  4340.4655,  4101.7346;  3970.0740  and 
3889.0575  LA. 

TABLE  I 


Line 


X  Air 


X  Vacuum 


v  \'acuum 


Average 
Deviation  from 
Mean  in  A.U. 


Number  of 
Plates  Used 


3- 
4. 
S- 
6. 

7 
8, 

9 
10 
II 
12 
13 
14 
15 
16 

17 

18 


4340.464 
4101.731 
3970.073 
3889.064 

3835-397 

3797.910 

3770.634 

3750-152 

3734-372 

3721.948 

3711.98 

3703.86 

3697-15 

3691-55 

3686.83 

3682.82 


4341 . 6806 
4102.8845 
3971. 1918 
3980. 1618 
3836.4813 
3798-9847 
3771. 7016 
3751. 2136 
3735.4293 
3723.0030 

3713-03 
3704.91 
3698. 20 
3692.60 
3687.88 
3683-87 


23032. 

24373- 
25181. 

25705- 
26065. 
26322. 
26513. 
2665S. 
26770. 
26860. 
26932. 
26991. 
27040. 
27081. 
27115- 
27145- 


5556 
0965 
3574 
8717 
5513 
8225 
2321 
0394 
6847 
0374 
17 


19 


37 


003 

006 

0016 

0017 

0023 

0025 

010 

010 

010 

007 


H13  to  H18  are  correct  only  to  about  0.02  A,  because  the  single 
plate  from  which  they  were  measured  was  jarred  between  exposures. 
The  wave-lengths  were  adjusted  by  comparing  the  value  for  Hi 2 
obtained  from  this  plate  with  the  mean  gotten  from  other  plates. 

The  separation  of  H3  was  measured  on  one  plate  and  was  found 
to  be  0.0584  A.     This  result  will  be  discussed  elsewhere. 

2.      CALCUL.\TION    OF    THE    RYDBERG   CONSTANTS;     TEST    OF 
THE    THEORETICAL    SERIES    FORMULA. 

Let  V  be  the  wave-number;  Wo,  the  rest-mass  of  an  electron; 
Mh,  the  mass  of  the  H-nucleus;  //,  Planck's  constant;  —e,  the 
electronic  charge  (electrostatic  units);   n,  n' ,  m,  m' ,  the  azimuthal 

'  Biillelin  of  the  Bureau  of  Standards,  14,  697,  1918. 
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and  radial  quantum   numbers  of  the  final  and  the  initial  orbits, 
respectively.     The  Rydberg  number  for  hydrogen  is 

R<x>            2T^moe'^  ,  >. 

i<^R  = =       7 r  .  U; 

The  constant  of  Sommerfeld's  relativity  correction  is 


he 


(2) 


The  wave-number  of  any  component  of  a  line  is 

Curtis  found  empirical  formulae  with  two  or  three  constants  which 
represent  his  measurements  of  the  first  six  hnes  quite  as  well  as  (3) ; 
therefore,  it  seems  useless  to  calculate  such  formulae  in  the  present 
case  and  to  compare  the  results  with  those  obtained  by  using  (3). 
To  test  this  formula  we  shall  utiHze  the  theory  in  all  its  details  to 
compute  a  value  of  R^  from  each  fine,  and  shall  determine  the 
average  deviation  of  the  results  from  their  mean.  First  we  must 
assume  a  value  of  a^  It  is  certain  that  a^  cannot  deviate  from 
5.315X10"^  by  more  than  0.007X10"^,  and  Ai?H  is  less  than  0.004 
if  A  (a^)  is  equal  to  0.007X10"^;  such  a  variation  is  negligible. 

There  are  influences  which  shift  a  B aimer  hne  from  the  position 
predicted  by  Sommerfeld's  theory.  Darwin^  has  evaluated  the 
corrections  to  the  relativistic  quantizing  due  to  motion  of  the 
nucleus,  the  magnetic  forces  caused  by  the  motion,  and  the  retarda- 
tion of  potentials.  An  extra  term  appears  in  the  coefficient  of  a^, 
such  that  all  components  of  a  given  line  are  shifted  in  frequency  by 
an  amount  less  than  1/7400  of  R^a^/16,  which  is  negligible. 

There  is  a  shift  of  the  center  of  gravity  of  a  doublet  due  to 
the  narrowing  discussed  by  Oldenberg,^  if  the  two  components  are 

^Philosophical  Magazine,  39,  537,  1920. 
'  Annalen  der  Physik,  67,  453,  1922. 
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of  unequal  intensities.  Roughly,  the  maxima  are  shifted  toward 
each  other  by  amounts  in  the  ratio  r:i,  if  r  is  the  intensity  ratio  of 
the  components,  and  the  center  of  gravity  will  be  moved  from  its 
proper  position  by  an  amount  r—i/r-{-i  times  the  average  shift  of 
the  components ;  the  average  shift  of  the  components  is  one-half  the 
narrowing  of  the  doublet,  which  is  obtainable  if  the  doublet  separa- 
tion can  be  observed.  For  the  intensity  ratios  of  the  components 
of  H3  and  H4  we  use  values  estimated  by  Professor  Birge'  for  usual 
experimental  conditions,  viz.,  1.2  and  i.i.  The  observed  narrow- 
ings  are  0.009  A  and  0.015  A;  it  follows  that  the  shifts  of  mean 
center  for  these  lines  are  0.00041  A  and  0.00036  A.  The  effect  is 
smaller  for  all  succeeding  lines,  and  is  neghgible  for  all  lines  except 
Ha  and  Hj8. 

The  theoretical  formula  gives  only  the  positions  of  single  com- 
ponents; we  must  express  the  position  of  the  mean  center  of  a 
B aimer  line  in  terms  of  R^,  a^,  and  the  quantum  numbers  of  the 
components  appearing  in  the  fine  structure.  There  are  three  such 
components,  in  the  absence  of  external  fields;  it  suffices  to  suppose 
that  the  fine  structure  will  approximate  in  position  (though  not  in 
intensity)  to  that  arising  from  the  undisturbed  hydrogen  atom. 
The  components  of  the  {M—  2)th  B aimer  line  actually  appearing  are 
these:  (3,M — 3)->(2,o);  (i,M—i)->(2,o)and  (2,M— 2)^(1,1).  The 
first  two  falls  give  components  comparatively  close  together,  form- 
ing the  long-X  half  of  the  doublet;  the  third  fall  gives  the  short-X 
half.  If  all  six  of  the  possible  components  could  appear,  the  separa- 
tion of  the  outer  members  of  either  half  would  be  as  follows:  H3, 
0.006  A;  H4,  0.003  A;  H5,  0.002  A.  Even  if  all  components  were 
to  appear  with  equal  strength,  the  shift  of  H3  as  a  whole  could  not 
exceed  0.003  A;  the  effect  would  be  much  smaller  for  all  succeeding 
lines.  Birge's  intensity  computations  for  usual  experimental  condi- 
tions show  that  the  changes  from  the  normal  patterns  are  much 
smaller  than  those  mentioned,  in  fact,  the  component  (i,M—  i)-»(2,o) 
is  weak  compared  with  the  other  component  of  the  long-X  half 
of  the  doublet,  and  we  shall  consider  all  the  fines  as  simple  doublets 
whose  halves  coincide  with  the  components  (3,^—3)^(2,0)   and 

(2,if-2)->(l,l). 

^  Physical  Review,  17,  589,  192 1. 
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Next  we  find  the  centers  of  gravity  of  the  doublets.  The 
extreme  faintness  and  narrowness  of  the  H3  doublet  .(separated 
only  when  underexposed)  prevented  direct  measurement  of  the 
intensities  of  its  components;  a  visual  estimate  showed  that  it 
would  be  nearly  correct  to  use  the  intensity  ratio  1.2,  calculated  by 
Birge  for  an  external  field  of  100  volts/cm.  It  seemed  best  to  use 
also  the  estimates  of  Birge  for  H4  and  H5,  viz.,  i.i  and  1.05.  Let 
\c  and  \e  be  the  wave-lengths  of  the  components  (3,!/  — 3)^(2,0) 
and  (2,M— 2)->(i,i);  and  let  Xo  be  the  observed  vacuum  wave- 
length of  the  doublet  as  a  whole.  If  the  intensities  of  the  compo- 
nents are  in  the  ratio  (1+/):  i,  then 

^o=X,--^(X.-X.)  =  i(X.+  X.)+l(Xc-Xe)({-(^+  .  .  .  .  y     (5) 


With  sufficient  approximation  we  have 

'^i(X,-fX,)  =  X„-/(X,-X,).  (6) 

V  4 

The  values  of  -(Xc  — X^)  are  0.0034  A,  0.0015  -^^  and  0.0007  -^  for 

the  lines  H3  to  H5;  applying  these  corrections  we  obtain  v  for 
these  lines:  the  values  are  23032.5758,  24373.1078,  and  25181.3631 
for  H3  to  H5,  respectively.  For  all  succeeding  lines  the  intensity 
ratio  is  unity,  and  i/v  is  identical  with  Xo.     From  equation  (3)  we  get 

'    ^  \  2^    M^'^  4  \24    M^l         3M4       ( 
_^    (   I       1    ,  aVi       I  \  ,    ,/i     M-2\  \ 


If  we  call  the  expressions  in  brackets  be  and  b^ 

2VcVe        2RHbche  ,         „  {bc+b^V 


v  = 


Vc-'rve      bc+be   '         '  '  2bcb, 


K,=  --l^,  (7) 
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Table  II  shows  the  values  of  R^  obtained  by  equation  (7). 

TABLE  II 


Line 

^H 

Line 

^H 

Line 

^H 

I 

109676.844 

6-983 
6.807 
7.241 

^ 

109677.288 
7.292 
7-542 
7-673 

II 

109677.572 

7-372 

4 

8 

9 

10 

12 

e      

6 

The  lines  13  to  18  are  not  known  accurately  enough  to  be  used  in 
obtaining  R^.     The  mean  of  the  foregoing  values  is: 

i?H=  109677. 26^0.23;     and     i?.^  =  109736. 45  ±0.23, 

if  we  use  Birge's  "best"  value  mo/M^  =  1/1853  . 

The  variation  of  R^  is  within  the  limits  of  experimental  error. 
In  future  work  the  lines  6  to  15  will  be  the  point  of  attack;  they 
can  be  obtained  with  reasonably  short  exposures  in  the  fourth  or 
fifth  order,  and  much  better  results  may  be  expected. 

3.       CORRECTIONS    TO    THEORY 

We  have  seen  that  Sommerfeld's  relativistic  quantizing  suffices 
to  explain  the  gross  features  of  observations  on  the  doublet  separa- 
tions of  the  Balmer  lines  and  on  their  wave-lengths.  Outstanding 
discrepancies  are  within  the  limits  of  experimental  errors  in  almost 
all  cases,  and  it  seems  hopeless  to  attempt  to  find  out  by  further 
experiment  whether  deviations  from  theory  actually  exist. 

Another  method  of  attack  is  available;  we  can  revise  the  theory 
to  take  account  of  all  perturbations  which  can  reasonably  be  con- 
sidered as  existent,  and  can  examine  whether  the  revised  theory 
agrees  with  experiment.  The  alterations  mentioned  in  the  introduc- 
tion to  this  paper  will  be  discussed  in  order. 

I.  The  alteration  of  energy  due  to  asphericity  of  the  nucleus  has 
been  treated  by  Dr.  Silberstein.^  He  developed  formulae  apphcable 
to  the  most  general  distribution  of  charge  within  the  nucleus;  the 
results  will  be  of  importance  in  the  theory  of  heavy  atoms  with 
large  nuclei.     Dr.  Silberstein  has  attempted  to  explain  the  fine 

^Philosophical  Magazine,  39,  46,  1919. 
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structure  of  the  H-lines  solely  by  the  assumption  of  an  aspherical 
nucleus.'  However,  he  found  that  in  order  to  satisfy  Curtis'  data 
on  the  wave-lengths  of  the  first  six  lines,  it  is  necessary  to  assume 
a  nucleus  whose  largest  dimension  is  about  2.io~"  cm;  when  this  is 
done  the  hne  patterns  for  Ha  and  H/3  do  not  resemble  the  observed 
structures,  unless  ad  hoc  assumptions  as  to  the  intensities  of  the 
numerous  members  are  brought  in.  Without  going  into  details, 
the  theory  shows  that  the  spread  of  the  line  pattern  is  reduced  in 
proportion  to  the  square  of  the  nuclear  dimensions,  other  things 
being  equah  The  preponderance  of  evidence  is  to  the  effect  that 
the  sum  of  the  radii  of  H-nucleus  and  electron  is  not  greater  than 
3.  io~'-^  cm;  this  is  about  0.003  of  the  dimension  used  by  Silberstein; 
if  we  adopt  this  value  the  width  of  the  line  pattern  is  reduced  by  the 
factor  10 ~5  and  no  observable  fine  structure  would  exist.  Aspheri- 
city  of  the  nucleus  cannot  cause  a  shift  of  any  B aimer  line  by  an 
amount  observable  spectroscopically;  all  such  shifts  from  the  posi- 
tions predicted  by  the  simple  theory  are  comprised  within  the  limits 
of  the  fine  structure.  I  have  carried  through  the  work  of  showing 
that  asphericity  of  the  electron  cannot  be  detected  by  observations 
of  the  B aimer  fines,  if  the  maximum  dimension  of  the  electron  is 
less  than  3.10"^-^  cm.  (In  fact  this  eft'ect  could  be  observed  only  in 
very  precise  measures  of  the  highest  frequencies  in  the  X-ray  spectra 
of  heavy  elements.)  The  inapplicabifity  of  these  ideas  in  the  pre- 
sent case  does  not  alter  the  value  of  Dr.  Silberstein's  calculations 
within  their  proper  domain.  Reasoning  backward,  we  may  say 
that  since  no  term  arising  from  asphericity  of  the  ultimate  particles 
is  needed  to  satisfy  the  data,  both  nucleus  and  electron  must  be  very 
small,  if  aspherical,  or  very  nearly  spherical,  if  large.  This  amounts 
to  an  independent  confirmation  of  the  conclusions  drawn  from 
experiments  on  scattering  of  alpha  and  beta  particles  in  light  gases. 
2.  Professor  H.  A.  Wilson^  has  suggested  that  the  potential 
energy  of  a  hydrogen  atom  may  be  regarded  as  distributed  through 
the  space  surrounding  it,  and  that  this  energy  will  take  part  to 
some  extent  in  the  motion  of  the  electron.  Its  presence  will  modify 
the  motion  of  the  electron,  and  shifts  of  spectral  lines  will  result. 

'  Proceedings  of  the  Royal  Society,  A,  98,  i,  1920. 
^  Astrophysical  Journal,  56,  34,  1922. 
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Roughly,  the  effect  to  be  expected  is  a  sHght  narrowing  of  the  fine 
structure  of  the  H-Hnes,  accompanied  by  a  very  small  shift.  The 
narrowing  is  proportional  to/,  where /is  the  fraction  of  1/2  of  the 
.potential  energy  which  may  be  considered  as  moving  with  the  elec- 
tron. Since  these  ideas  were  put  forward,  Oldenberg's  explanation 
of  the  narrowing  of  the  doublets  has  appeared,  and  seems  to  leave 
no  room  for  such  a  correction.  There  would  be  difficulties  even  if 
Oldenberg's  explanation  were  left  out  of  account;  a  readily  observ- 
able shift  of  the  lines  would  result  if /were  as  large  as  0.2,  say,  and 
the  fine  structure  of  ionized  helium  lines  would  not  be  like  that 
observed  by  Paschen. 

We  shall  not  raise  here  the  fundamental  question  whether  the 
energy  of  an  atom  in  a  stationary  state  is  actually  spread  through 
the  surrounding  space  or  whether  this  distribution  is  to  be  regarded 
merely  as  a  convenient  mathematical  artifice,  but  it  is  an  experi- 
mental fact  that  the  motion  of  the  potential  energy  of  the  system 
does  not  affect  its  total  energy  by  an  observable  amount. 

3.  We  shall  calculate  the  correction  due  to  a  nuclear  magnetic 
moment.  In  191 5,  H.  S.  Allen'  carried  through  a  similar  analysis 
for  the  circular  orbits  of  hydrogenic  atoms.  We  neglect  the  rela- 
tivity correction  and  the  motion  of  the  nucleus,  and  attribute  to 
the  nucleus  an  intrinsic  magnetic  moment,  M.  If  we  suppose  the 
electron  has  a  magnetic  moment  of  the  same  order  of  magnitude  as 
M,  a  correction  arises  which  is  of  the  magnitude  {nio/M^y  compared 
to  that  due  to  the  nuclear  moment;  this  is  negligible.  Likewise, 
we  may  neglect  the  reaction  on  the  nucleus  due  to  the  fact  that  it 
is  exerting  force  on  the  electron.  Let  us  take  the  nucleus  as  the 
origin  of  a  polar  co-ordinate  system,  r,  6,  4>',  ^  is  measured  in  the 
plane  defined  by  the  nucleus  and  the  tangent  to  the  electronic  orbit 
at  any  convenient  initial  time.  It  will  be  found  that  the  orbital 
plane  is  invariable  in  position,  so  0  is  always  7r/2.  The  electrical 
potential  energy  is  —Ee/r  where  E  is  the  nuclear  charge.  We  now 
calculate  the  magnetic  energy.  The  magnetic  field  due  to  an  elec- 
tron moving  with  velocity  v  in  a  direction  (a,  /3,  7),  is  in  Gauss, 


ev  sin  ^ 
Philosophical  Magazine,  29,  40  and  714,  1915. 


jj^ev^j.  (8) 
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at  a  distance  r  from  the  electron,  if  xp  be  the  angle  between  its  direc- 
tion of  motion  and  the  radius  vector  drawn  to  the  point  of  evalua- 
tion of  H.  H  is  perpendicular  to  the  radius  vector  and  the  direction 
(a,  /3,  7);  we  call  its  direction  cosines  /',  w',  n.'  The  potential 
energy  associated  with  the  moment  M,  having  direction  cosines 
/,  m,  n,  in  the  field  H,  is,  in  electromagnetic  units, 

VM=-MH{ll'-\-mm'-\-nn').  (9) 

We  can  now  write  down  Lagrangian  equations;  only  the  equations 
for  the  co-ordinates  /  and  m  are  needed.  If  T  and  V  be  the  kinetic 
and  potential  energies  of  the  system  we  have 

d/d(T-V)\     d{T-V)_  d/d{T-V)\     d(T-V)_ 

dt\      d'l      J  9/  °'        dt\      dm     I  dm      ~°'       ^'°'' 

These  equations  reduce  to  the  conditions  for  equilibrium  of  the 
nucleus, 

^=°'        hm^""-  (^°) 

These  equations  are  an  expression  of  the  tacit  assumption  that  since 
the  nucleus  is  so  small  and  so  massive,  we  may  neglect  its  kinetic 
energy  of  translation  and  of  rotation,  and  that  under  these  assumed 
conditions  it  will  orient  itself  permanently  in  a  configuration  satisfy- 
ing the  equilibrium-equations.     V^  may  be  written 


-ME{ll'-{-mm'-VV  i  -  /^-  m"  -  n') 


and  equations  (10')  become 


,            nl                         ,  nm  ,    ,,. 

V =0;        w =0,  (10") 

Vi-l^-m^  Vi-l'-m' 


and  finally,  by  symmetry,  we  obtain  the  equations, 

l:m:n  =  l'  :m'  :n\  (10'") 
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The  axis  of  the  magnetic  moment  is  always  normal  to  the  instanta- 
neous orbital  plane.  The  force  on  the  electron  is  always  in  the  plane 
of  its  orbit  and  <p  =  ir/2  always;  the  problem  is  two  dimensional. 
Only  one  of  the  two  possible  orientations  of  the  nucleus  gives  stable 
equilibrium.     We  suppose  this  to  be  the  position  actually  occupied. 

Then 

Mev  sin  \f/ . 


Vm=-MH^- 


cr 


V  sin  x}/  is  the  component  of  the  velocity  of  the  electron  perpendic- 
ular to  the  radius  vector,  which  is  r  0;  therefore, 


K=-^^  (II) 

cr 


Let  us  call  W  the  total  energy  of  the  atom  in  a  conservative  state. 

/      N    ,  I  /        ^N  1     Ee    Med  ,    . 

{fnory-\—imor'dy (12) 

r^  j       r        cr 


2m  0 


Since  the  magnetic  force  on  the  electron  due  to  the  nuclear  moment 
is  always  directed  along  the  radius  vector,  the  angular  momentum 
is  constant;  we  apply  the  quantum  condition, 

p  =  mor^Q=nh/ 2Tr  (13) 

and  Me  6/ re  becomes  nhMej  2-wmo  r^  c.     Equation  (12)  becomes 


imo\_  i 


I   IWoTt 
2  Wo 

or, 

(wor)^=2WoW 


cE      nh  Me      ... 

-=W 

r      iirnior^c 

inioeE    p^    nhMei 
r         r'        ire    r^ ' 


Put  A  =  2 Wo  W,B  =  mo  eE,C=-p,^  D^  =  nh  Me/ ire  ;   the  quantum 
condition  for  the  co-ordinate  r  is 


A= Jm.f  rfr= J^^  +  ^+^.+5i  .  dr^n'h.  (14) 
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The  integral  is  extended  over  a  complete  cycle  of  values  of  r,  and  is 
given  on  page  479  of  the  second  edition  of  Sommerf eld's  Atombau 
(p.  670  of  the  3rd.  ed.) : 

,              .(             B        BD,\ 
Js=  —  2in[  1  f—-— =_ 7= 

V  ^    Va    iCVc) 
where  we  are  to  use  the  negative  value  of  l^C,  i.e.,  — m///27r.    Finally 
,        ,,  ,  ,  iTrinioeE  ,  S-n-^nioe^EM  ,     . 

We  shall  call  the  last  term  on  the  right  hP  and  shall  write  E  =  Ze, 
so  that 


,^,      -2'K^m^e^Z^      -hcRZ^ 
W  = 


'h\n-{-n'-Py     {n+n'Yl      ,{n+n') 


:+     ^^ 


■  •  .  ]  .  (17) 


The  magnetic  correction  to  the  wave  number  of  any  spectrum  line 
will  be 

RZ^B  •  i    r   \    ,^ T-^, — jr-\  (18) 

\n^(n-\-ny    nf^m-tmy} 

where  B  is  defined  as  2Pw^     If  p  be  the  number  of  Weiss  magnetons 
equivalent  to  the  nuclear  moment  we  have 

lf=pXi.854     io~".         (Electromagnetic  units.)  (19) 

i?5=pZX  109736 X I  .o7iXio~5=i  .175  pZ.  (20) 

A  large  amount  of  evidence  could  now  be  adduced  for  the  non- 
existence of  a  nuclear  moment  as  large  as  one  Weiss  magneton;  we 
content  ourselves  with  computing  the  magnetic  shifts  for  the  allowed 
components  of  Ha,  on  the  basis  of  a  single  Weiss  magneton: 

Transition  Shift 

(3.0)  to  (2,0) -.013  A 

(1,2)  to  (2,0) +.003  A 

(2.1)  to  (1,1) -055  A 
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Thus  the  two  main  components  of  Ha  approach  each  other  by  the 
amount  0.043  ^j  which  is  far  greater  than  the  narrowing  of  the 
doublet  usually  observed.  The  relations  are  quite  similar  for 
succeeding  lines,  and  for  lines  of  the  3 -quantum  series  of  ionized 
helium;  in  all  these  cases  the  fine  structure  will  be  distorted  by  a 
readily  observable  amount. 

The  conclusion  is  that  the  hydrogen  nucleus  and  the  alpha 
particle  cannot  possess  intrinsic  moments  as  large  as  one  Weiss 
magneton,  and  were  there  any  object  in  so  doing,  we  could  set  a 
still  smaller  limit  to  the  magnitude.  In  order  to  prove  this  fact 
directly,  it  would  be  necessary  to  perform  the  Stern  and  Gerlach 
experiment  for  H-nuclei  and  alpha  particles.^  The  shifts  predicted 
by  this  theory  for  lines  in  the  K  series  of  an  element  of  atomic 
number  Z  are  of  the  order  of  magnitude  p/ZXo.013  A,  which  is 
observable  in  light  elements  if  p  is  as  large  as  5;  but  this  effect 
cannot  be  separated  from  other  perturbations  of  much  greater  size. 

I  wish  to  express  my  thanks  to  Professor  R.  W.  Wood  for  the 
use  of  his  spectrum  plates  and  his  advice  in  connection  with  their 
measurement;  to  Mr.  B.  Kurrelmeyer  for  his  generous  aid  in  check- 
ing calculations;  and  to  Professors  Ames,  Pfund,  and  Wood,  and 
Drs.  F.  L.  Mohler,  A.  Q.  Tool,  and  P.  D.  Foote,  who  have  kindly 
given  the  paper  the  benefit  of  their  criticism, 

Johns  Hopkins  University 
December  10,  1922 

'  Zeit.f.  Phys.,  9,  349,  1922. 
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WAVE-LENGTH  STANDARDS  IN  THE  EXTREME 
ULTRA-VIOLET 

By  J.  J.  HOPFIELD  and  S.  W.  LEIFSON 

ABSTRACT 

Extreme  ultra-violet  spectra  of  hydrogen,  oxygen,  nitrogen,  helium,  and  air. — The 
wave-lengths  of  37  strong  lines  between  \  800  and  X  1800  occurring  in  condensed  dis- 
charge spectra  of  impure  hydrogen,  oxj'gen,  nitrogen,  helium,  and  air  are  determined, 
with  a  probable  error  of  less  than  o.i  A,  from  photographs,  on  specially  prepared  ultra- 
violet films,  taken  with  a  Rowland  concave  grating  having  a  radius  of  curvature  of 
50  cm. 

INTRODUCTION 

In  the  extreme  ultra-violet  spectra  of  impure  hydrogen,  oxygen, 
nitrogen,  helium,  and  air  obtained  with  a  condensed  discharge,  there 
occur  a  number  of  strong  lines  which  may  serve  as  standards,  since 
they  are  almost  always  present.  Several  observers  have  published 
tables  of  wave-lengths  between  X  800  and  X  1800,  but  their  measure- 
ments have  perhaps  only  in  a  very  few  cases  yielded  results  accurate 
to  0.1  A.  In  view  of  the  growing  interest  in  this  part  of  the  spec- 
trum and  its  importance  in  atomic  theory  a  careful  determination 
has  been  made  of  the  wave-lengths  of  a  number  of  easily  obtained 
characteristic  lines  to  serve  as  standards  in  the  region  X  800  to 
X  1800.  These,  together  with  some  additional  lines  known  accu- 
rately from  theory,  may  serve  not  only  as  reference  standards  for 
interpolation  in  this  region,  but  also  as  an  aid  to  establishing  other 
standards  in  the  region  X  300  to  X  800,  a  region  now  accessible  to 
spectroscopists.  The  wave-lengths  are  expressed  in  LA.  in  vacuum, 
since  both  the  comparison  and  the  measured  spectra  were  obtained 
in  a  vacuum.  The  standard  wave-lengths  used  were  in  LA. 
reduced  to  vacuum. 

METHOD 

From  a  large  number  of  photographs  of  the  ultra-violet  spectra 
of  hydrogen,  oxygen,  and  nitrogen  about  twenty-five  of  the  best 
were  selected  for  measurement.  These  photographs,  recorded  on 
specially  prepared  ultra-violet  films,  were  made  with  a  Rowland 
concave  grating  having  a  radius  of  curvature  of  50  cm.     The  photo- 
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graphs  cover  a  range  from  o  to  5000  A,  and  they  therefore  contain 
the  second,  third,  and  fourth  orders  of  lines  whose  wave-lengths  He 
between  X  800  and  X  1800.  By  making  enlarged  prints  of  each  film 
to  be  measured,  the  higher  orders  were  easily  recognized  and 
marked.  A  superimposed  mercury  arc  spectrum,  giving  about 
twenty  distinct  lines  between  X  2400  and  X  4800,  furnished  stand- 
ards. Stiles's  values  for  the  mercury  arc  lines'  were  used,  and  the 
wave-lengths  were  reduced  to  vacuum  by  means  of  the  Bureau  of 
Standards  tables.^ 

The  positions  of  the  lines  were  measured  with  a  20-cm  Gaertner 
comparator,  owned  by  the  Rumford  Committee  of  the  American 
Academy  of  Sciences,  and  kindly  loaned  to  the  authors  by  Professor 
R.  T.  Birge.  The  wave-lengths  of  the  unknown  hues  were  obtained 
by  direct  interpolation  between  two  standard  lines.  Since  the 
photographs  were  made  with  the  gas  in  the  spectrograph  under  a 
pressure  of  0.2  mm  or  less,  no  correction  for  dispersion  of  the  medium 
was  made. 

Most  of  the  lines  were  measured  in  the  third  order,  and  in  a  few 
cases  also  in  the  second  and  fourth  orders.  On  each  of  the  several 
films,  ten  settings  of  the  micrometer  were  made  on  each  line.  The 
average  deviation  from  the  average  in  ten  settings  on  a  line  was 
usually  less  than  0.005  mm,  hence,  as  calculated  from  the  dispersion 
of  the  grating,  which  is  approximately  34  A  per  mm,  the  correspond- 
ing deviation  in  the  wave-length  determination  was  0.17  A  in  the 
first  order  and  proportionately  less  in  the  higher  orders.  The 
error  from  this  source  would  thus  average  about  0.06  A.  The  only 
other  source  of  error  that  needs  to  be  considered  is  the  possibihty 
of  a  shifting  of  the  comparison  spectrum  with  respect  to  the  unknown 
spectrum,  owing,  first,  to  asymmetrical  illumination  of  the  grating 
with  the  mercury  arc,  and  second  to  shrinkage  of  the  film  in  the 
interval  between  two  exposures.  Some  photographs  which  showed 
evidence  of  a  shift  were  rejected.  In  the  case  of  most  of  the  films 
measured,  several  known  Unes,  such  as  H7  and  H5,  were  included 
among  the  fines  measured,  and  if  the  wave-lengths  computed  for 
these  lines  in  the  first  order  differed  by  more  than  0.2  A  from  the 

^  Astrophysical  Journal,  30,  48,  1909. 
^Bureau  of  Standards  Bulletin,  14,  731,  1919. 
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correct  values,  the  film  was  rejected.  Care  was  also  taken  to  meas- 
ure standard  lines  along  with  the  unknown  lines  as  a  further  check 
on  the  results.  After  all  the  films  had  been  measured  once,  they 
were  measured  a  second  time  after  an  interval  of  several  months. 

RESULTS 

The  illustrations  show  how  the  lines  whose  wave-lengths  have 
been  determined  appear  in  the  first  order.  The  two  sharp  lines  at 
X  1854.59  and  X  1862.69  are  well-known  aluminium  lines  whose 
wave-lengths  have  been  accurately  determined  by  Eder.'  They 
show  clearly  on  most  of  our  photographs. 

The  higher  orders  are  indicated  by  Roman  numeral  exponents, 
and  some  of  the  hydrogen  B aimer  series  lines  are  also  shown. 

The  wave-lengths  in  the  table  are  probably  accurate  to  within 
the  ranges  signified  by  A,  B,  and  C,  respectively:  A  indicating  a 
probable  error  in  wave-length  of  =^=0.05  A  or  less;  B,  =i=o.ioA  or 
less;  C,  ±0.15  A  or  less. 

The  measured  wave-lengths  are  the  averages  of  80  ^o  150 
determinations  obtained  from  as  many  as  8  to  15  films,  respectively. 
The  value  obtained  for  the  resonance  line  of  hydrogen,  1215.68  A, 
which  is  the  average  of  150  determinations,  agrees  very  well  with 
the  theoretical  value,  1215.67  A,  the  value  found  experimentally 
also  by  the  senior  author.-  The  wave-lengths  of  five  additional 
lines  of  the  Lyman  series,  of  which  the  last  three  were  recently 
found  by  one  of  the  authors,^  are  likewise  given  in  the  table.  Theo- 
retical values  in  vacuum  are  used. 

The  group  of  three  lines,  an  oxygen  triplet,  at  X  1302.27, 
X  1304.96,  and  X  1306.12,  was  measured  on  twelve  different  photo- 
graphs in  the  third  order,  using  Curtis'  values^  for  H5  and  H77  as 
standards.  Spectrum  6  on  the  plate  of  illustrations  is  a  part  of  the 
spectrum  obtained  with  water  vapor  under  very  low  pressure.  It 
shows  clearly  the  third  orders  of  the  first  line  of  the  Lyman  series 
and  the  oxygen  triplet  mentioned  above,  besides  five   members, 

'  Zeit.fiir  Wiss.  P/iot.,  14,  144,  1914. 

^Hopfield,  The  Physical  Review  (Series  II),  20,  573,  1922. 

^  Hopfield,  Nature,  no,  732,  1922. 

^  Proceedings  of  the  Royal  Society  of  London,  \,  90,  605,  1914. 


62 


/.  /.  HO  PF I  ELD  AND  S.  W.  LEIFSON 
TABLE  I 


Present  Work 


X  Measured 


Intensity 


X  of  Center 
of  Gravity 
Computed 


Accuracy 


Lyman* 


MiLLIKAN, 
BOWEN,  AND 

Sawyer  t 


McLennan 
and  Petrie}: 


833 -35 • 
834^53- 
835-28. 

9IS-59- 
916.03. 

99I-57- 
992.42. 

1036.33. 
1037.03. 

1083.97. 
1084.52. 
1085.64. 

II34-3I- 
II3500- 

1199.56. 
1200. 25. 
1200. 76. 

1215.68. 

1275.08. 
1276. 22. 
1277. 19. 

1302.27. 
1304.96. 
1306. 12. 

1323.86. 

I334-57- 
1335- 75- 

1411.91. 
1492.62. 
1494-63. 

1560.46. 
1561.39. 

1656.33- 
1657.08. 
1658.04. 

1742.81. 
1745-31- 


834-45 


915-77 


992.08 
1036.68 


1084.97 


1134-65 


1200. 19 
1215.68 


1276. 17 
1302. 27 


1305-46 
1323.86 


1335-16 

1411.91 
1492.62 
1494.63 


1560.87 


1657.14 
1742.81 
1745-31 


1037.0 


1036.7 


1054.9 


1085.3 


1134-7 


I 199. 8 
1216.0 


1302.5 


1323-4 


1742.7 
1745-3 


1323-7 
13350 


1561-3 


1657.6 


1036.8 


1085.2 


"34-7 


1199.7 
1215.8 


1302.9 


1334-8 
1411.6 
1492.3 
1494-4 


1560. 8 


1656.8 
1742.6 
1744-9 


FIVE  THEORETICAL  VALUES 
1215.67  972. 5-t  937-81 

1025.73  949-75  930-76 

*  Astrophysical  Journal,  43,  89,  1916. 
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the  third  to  the  seventh,  respectively,  of  the  B aimer  series  in  the 
first  order.  He  and  Hf  were  measured  along  with  the  three  mem- 
bers of  the  oxygen  triplet.  The  former  differed  by  an  average  of 
0.03  and  0.04  A,  respectively,  from  the  correct  values.  The 
average  deviation  from  the  mean  values  for  each  member  of  the 
triplet  was  0.03  A.  Hence  it  seems  legitimate  to  claim  an  accuracy 
of  0.03  A  for  these  hnes. 

Since  many  of  the  complex  lines  are  resolved  for  the  first  time  in 
the  higher  orders  shown  on  our  films,  and  since  they  are  not  ordi- 
narily resolved  in  the  first  order  with  a  grating  having  a  focal  length 
of  100  cm  or  less,  their  centers  of  gravity  have  been  calculated, 
based  on  the  estimated  intensity  of  the  members.  The  groups 
at  X  915.77,  X  1134.65,  and  X  1657.14  are  probably  even  more 
complex  than  indicated  in  the  table.  The  highest  orders  of  X  915.77 
and  X  1134.65  observed  indicate  that  they  are  composed  of  three 
lines.  The  sixth  order  of  X  834.45  shows  no  fewer  than  five  lines. 
The  position  of  the  center  of  gravity  is  based  on  the  entire  group, 
of  which  only  the  strongest  lines  are  shown  in  the  table. 

The  similarity  of  the  first  three  spectra  on  the  plate  of  illustra- 
tions shows  that  these  spectra  are  probably  air  spectra  with  admix- 
ture of  nitrogen,  oxygen,  and  helium,  respectively.  They  are 
easily  produced  by  air  alone  and  thus  form  convenient  comparison 
spectra  for  this  region. 

Since  the  wave-lengths  given  are  believed  to  be  more  accurate 
than  any  previously  pubhshed  for  this  region  of  the  spectrum,  and 
since  the  lines  are  all  easily  obtained  with  a  condensed  discharge 
at  low  pressures,  especially  in  air,  it  is  thought  that  the  results  may 
be  of  use  to  other  spectroscopists  working  in  the  extreme  ultra- 
violet. 

Department  of  Physics 

Unrersity  of  California 

February  1923 
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WATER-CELL  TRAXS:MISSI0NS  AND  PLANETARY 

te:mperatures 

By  DONALD  H.  MENZEL 

ABSTRACT 

Deltrminalion  of  planetary  temperatures  from  water-cell  transmission. — (i)  Theory. 
The  reflected  solar  energy  depends  upon  the  planet's  size,  distance,  albedo,  and  phase- 
angle;  the  emitted  energ>'  depends  also  upon  the  eflective  temperature  and  the  emis- 
sivity  of  the  surface.  The  obser\-ed  ratio  of  the  two  is  greatly  modified  by  absorption 
in  the  earth's  atmosphere  and  the  receiving  instrument.  The  equation  connecting 
the  effective  temperature  with  the  water-cell  transmission  is  derived.  When  the 
whole  disk  of  the  planet  has  been  obser\-ed  the  only  uncertain  factor  is  its  emissivity; 
when  but  part  of  the  disk  has  been  observed  a  further  correction  (now  very  uncertain, 
but  capable  of  accurate  measurement)  must  be  applied.  (2)  Results  of  radiometric 
observations  made  by  Coblentz  at  the  Lick  and  Lowell  observatories  in  1Q14  and  1921- 
1922,  when  reduced  by  this  method,  show  good  agreement  and  indicate  effective 
noon-day  temperatures  of  50°  C.  for  Venus,  —  i6°C.  for  Mars,  and  120°  C.  for  the 
moon  (assuming  high  emissivity  in  all  cases).  These  are  in  good  agreement  with  the 
temperatures  which  would  be  maintained  by  solar  radiation  on  a  surface  of  small 
heat  capacity.  For  Jupiter  and  Saturn  the  computed  temperatures  (— iio°C.  in 
both  cases)  are  too  high  to  be  maintained  by  solar  radiation,  and  must  be  attributed  to 
the  internal  heat  of  the  planets.  These  numerical  values  should  be  regarded  as  pro- 
visional. 

Atmospheric  transmission  of  long-wave  radiation  as  a  function  of  humidity. — The 
earth's  atmosphere  (owing  mainly  to  its  content  of  carbon  dioxide  and  water-vapor) 
acts  like  a  color-screen  for  long  waves,  transmitting  most  of  the  radiation  between 
9  m  and  12  ^  and  very  little  else.  The  net  transmission  of  black-body  radiation,  for 
temperatures  between  400°  and  150°  K.,  varies  roughly  as  the  cube  of  the  temperature. 
For  the  range  of  humidity  likely  to  be  met  in  practice  (0.5  to  4  cm  precipitable  water), 
the  transmission  can  be  represented  by  the  product  of  two  factors,  one  depending  upon 
the  air-mass  and  the  other  upon  the  total  amount  of  water-vapor  along  the  path. 
Tables  of  these  factors  are  given  for  different  temperatures  of  the  source. 

• 

The  accuracy  of  recent  measures  of  planetary  radiation  encour- 
ages an  examination  of  the  relations  of  the  observed  data  to  the 
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temperatures  of  the  planets.  This  has  been  undertaken  at  the  sug- 
gestion of  Professor  Russell,  who  has  prepared  the  outline  of  the 
theory  given  in  section  i .  The  calculations  which  follow  have  been 
made  by  the  writer. 

I.  General  theory.- — Much  has  been  written  on  this  subject,  and 
the  present  summary  has  small  claims  to  originality.  The  energy 
which  we  receive  from  a  planet  is  composed  partly  of  reflected 
solar  radiation  of  short  wave-length  and  partly  of  long-wave 
radiation  from  the  planet's  warm  surface.  The  former  is  largely 
transmitted  by  a  water  cell  and  the  latter  stopped  completely. 

Let  5  be  the  amount  of  the  former  and  P  that  of  the  latter,  and 
let  /'  and  t  be  the  fractions  of  these  amounts  which  are  transmitted 
through  the  earth's  atmosphere  and  the  receiving  instruments 
employed.  The  radiation  observed  without  the  water  cell  will  then 
be  tP-\-t'S,  while  with  it,  it  will  be  0.695  ^'■S — the  numerical  factor 
being  the  mean  value  determined  by  Coblentz.'  If  W  is  the  "water- 
cell  transmission,"  we  then  have 

W  =  0. 695  t'S/itP^t'S) 
Or 

t'S       W  ^  ^ 

In  general,  the  portion  of  the  planet's  surface  whose  energy  falls 
on  the  receiving  thermopile  will  not  be  of  uniform  temperature.  We 
may  substitute  a  hypothetical  "gray"  surface  of  equal  size  and  of 
temperature  T  and  emissivity  e  such  that  the  radiation  from  this 
surface  is  equal  to  the  integrated  radiation  from  the  observed  region 
in  amount,  and  as  similar  as  possible  in  quahty,  and  write 

P  =  kaeT^  (2) 

where  a  is  the  apparent  area  of  the  observed  region  and  k  the  con- 
stant of  Stefan's  law  (in  suitable  units). 

Let  us  now  assume  that  the  reflected  solar  energy  is  unaltered 
in  quality,  i.e.,  that  the  planet's  albedo  for  all  wave-lengths  is  equal 
to  the  visual  albedo  A.  We  may  set  A=pg  where  q  depends  only 
on  the  law  of  phase  A^ariation  and  p  is  the  ratio  of  the  radiation  re- 
flected at  full  phase  to  that  emitted  by  a  s5lf-luminous  body  of  the 

'  This  factor  probably  varies  somewhat  with  the  air-mass  traversed  by  the  sun's 
rays.  Such  variations  can  be  taken  into  account  by  small  changes  in  /'.  Observations 
bearing  on  this  are  especially  to  be  desired. 
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same  size  and  position,  which  radiates  as  much  energ>^  from  each 
unit  of  its  surface  as  -the  planet  receives  from  the  sun  under  normal 
incidence.' 

Taking  the  solar  constant  as  1.932  calories  per  square  centimeter 
per  minute,^  and  the  constant  of  Stefan's  law  as  5.72  X  io~^  ergs^  or 
8.21  Xio~"  calories  per  square  centimeter  per  minute,  it  is  readily 
found  that  the  energy  reflected  from  a  surface  for  which  p  =  \,  at  a 
distance  of  R  astronomical  units  from  the  sun,  is  equal  in  amount 
(though  not  in  quality)  to  that  emitted  from  a  black  surface  at  the 
temperature  T^  where 

To  =  392°R-"^.  (3) 

If  b  is  the  whole  area  of  the  planet's  disk  (including  the  unillumi- 
nated  portion),  the  energ\^  reflected  at  full  phase  will  be  khpTl  and 
at  any  phase  </>  times  that  at  the  full  or  kbA(f)Ti  q,  where  4>  is  less 
than  I  and  depends  on  the  phase-angle  a.  FinaUy,  if  x  is  the  ratio 
of  the  mean  apparent  surface  brightness  of  the  observed  area  to 
that  of  the  whole  disk,  5  will  be  xa/b  times  the  quantity  just 
found,  or 

S  =  kax'^Tl  (4) 


q 


From  equations  (i)  to  (4)  we  have 


tqe     T'_o.6gs__^  ^^^ 


t'(i)Ax  Ti       W 

The  factors  q,  A,  and  </>  are  known;-*  x  can  be  determined  by 
observation  for  any  given  area  (though  at  present  very  little  is 
known  on  this  matter).  It  may  be  much  greater  than  unity  for  a 
bright  spot  or  for  the  flluminated  limb  of  a  crescent,  or  much  less 
for  a  dark  spot  or  the  terminator.  For  the  planet  as  a  whole  x=i, 
by  definition.  The  emissi\dty  e  can  only  be  conjectured.  For  a 
planet  with  a  deep  atmosphere  it  is  likely  to  be  near  unity,  and  T 
will  in  this  case  be  the  temperature  of  the  ''  eft'ective  radiating  layer." 
Any  uncertainty  regarding  values  of  A  for  visual  light  and  total 
radiation  can  be  taken  up  by  changing  e.  It  is  therefore  permissible, 
formally,  to  consider  values  of  e  somewhat  exceeding  unity. 

'  Russell,  Aslrophysical  Journal,  43,  17S,  1916.  -5  Coblentz. 

=  Abbot.  ■•  Russell,  op.  cit.,  pp.  179,  190. 
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The  theoretical  temperature  of  the  surface,  due  to  solar  radia- 
tion alone,  under  idealized  conditions,  may  be  computed  by  the 
equation 

T'^  =  y^^^Tt,  (6) 

Where  e  is  the  emissivity  of  the  surface,  A  its  albedo,  and  y  is  the 
ratio  of  the  mean  rate  of  radiation  from  the  area  considered  to  the 
rate  in  equilibrium  under  a  vertical  sun.  For  the  center  of  the  full 
moon  y  is  probably  near  unity.  For  a  perfectly  conducting  sphere 
y  —  \.     For  a  point  at  latitude  L  on  a  planet  rotating  so  rapidly  that 

cos  Ij 
there  is  no  sensible  diurnal  inequality  of  temperature,  y  = 

TT 

(provided  that  there  is  no  convection  of  heat  from  one  part  of  the 
planet's  surface  to  another).  On  an  actual  planet  y  will  be  greater 
than  this  by  day  and  less  by  night,  by  an  amount  increasing  with 
the  rotation  period,  and  may  be  greater  in  the  afternoon  than  in 
the  morning. 

2.  Transmissions. — ^The  transmission  coefficients  /  and  /'  now 
remain  to  be  considered.  The  depletion  in  the  earth's  atmosphere 
is  different  for  long  and  short  wave-length  radiation  and  must  be 
allowed  for  in  detail. 

From  the  work  of  Abbot  and  Fowle'  there  is  a  wealth  of  material 
available  for  determining  the  value  of  t'  for  the  solar  radiation.  The 
mean  transmission  of  solar  energy  for  Washington  (altitude  o)  is 
0.701  for  unit  air-mass,  with  a  factor  of  0.797  for  each  additional 
air-mass;  and  the  corresponding  values  for  Mount  Wilson  (altitude 
1800  meters)  are  0.819  and  0.895.  It  may  therefore  be  estimated 
that  at  Flagstaff  (altitude  2200)  and  at  Mount  Hamilton  (altitude 
1280),  the  respective  transmissions  are  0.83  and  0.80,  and  the  air- 
mass  factors  0.91  and  0.88.  These  coefficients  vary  slightly  with 
the  amount  of  water- vapor  present,  but,  under  the  actual  conditions 
of  observation,  this  variation  is  unimportant. 

The  amount  of  precipitable  water,  Q,  expressed  in  centimeters, 
in  the  path  of  the  radiation,  is  derived  from  an  empirical  formula,^ 

Q^mhe,  (7) 

'  Annals  of  the  Astrophysical  Observatory  of  the  Smithsonian  Institution,  Vols.  II 
and  III. 

^  Fowle,  Astrophysical  Journal,  37,  359,  1913. 
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where  ju  is  the  air-mass  determined  from  the  secant  law,  e  the  pres- 
sure of  aqueous  vapor  in  centimeters  at  the  surface,  and  h  a  factor 
depending  on  the  altitude  which,  according  to  Fowle's  formula,  is 
1.6  for  Flagstaff  and  1.8  for  Mount  Hamilton.  Fowle  regards  these 
formulae,  which  represent  mean  conditions  fairly  well,  as  of  little 
value  for  individual  days.  From  Mount  Wilson  experience  the 
actual  values  are  as  likely  as  not  to  lie  between  half  and  twice  those 
given  by  the  formula,  the  reason  being  that  the  available  humidity 
observations  apply  only  to  the  air  near  the  earth's  surface.  In  the 
future  a  spectroscopic  determination  of  the  total  water- vapor  should 
be  an  important  part  of  radiometric  measurements. 

To  obtain  t,  black-body  energy  curves  were  drawn  for  different 
temperatures,  integrated  by  mechanical  quadratures,  and  Fowle's' 
values  of  the  transmissions  applied  to  the  successive  wave-lengths, 
and  also  modified  for  selective  absorption  and  reflection  by  the 
fluorite  window  of  the  thermopile  (which  values  were  kindly  fur- 
nished by  Dr.  Coblentz).  The  results  were  finally  multiplied  by  i.i 
to  allow  for  the  more  complete  reflection  of  these  long  waves  than 
the  solar  energy  by  the  silvered  mirrors  of  the  telescope.  Such 
corrections,  strictly  speaking,  should  be  applied  to  both  /  and  t'; 
but  as  only  their  ratio  appears  in  equation  (4),  it  suffices  to  apply  a 
differential  correction  to  t  alone.  This  factor  is  rather  uncertain, 
depending  on  the  condition  of  the  mirrors,  and,  if  necessary,  could 
be  determined  experimentally.  The  final  values  for  the  planetary 
transmissions  for  unit  air-mass  are  given  in  Table  I. 

They  were  originally  worked  out  for  different  amounts  of  precip- 
itable  water  and  for  each  air-mass  separately.  It  was  then  found 
that  the  resulting  values  could  be  represented,  with  an  average  error 
of  one  part  in  one  hundred  and  fifty,  by  taking  the  transmission  for 
air-mass  i  and  the  amount  of  precipitable  water  actually  traversed 
by  the  radiation  and  multiplying  this  by  the  factors  0.96,  0.93,  or 
0.89  for  air-masses  2,  3,  and  4,  respectively.  This  convenient 
approximation  cannot  be  applied  if  the  precipitable  water  along  the 
path  is  less  than  about  0.5  cm.  For  larger  amounts,  the  absorption, 
even  for  rays  from  the  zenith,  is  already  nearly  complete  wherever 

'Fowle,  Water  Vapor  Transparency  to  Low  Temperature  Radiation,  "Smithsonian 
Miscellaneous  Collections,"  Vol.  68,  No.  8;  Smithsonian  Physical  Tables  (7th  ed.), 
P-  308. 
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it  takes  place  at  all.  A  fairly  dry  atmosphere  (0.5  cm  to  4  cm  pre- 
cipitable  water)  acts  as  a  very  efficient  "color  screen"  for  long 
waves,  transmitting  nearly  all  the  radiation  between  gix  and  12/i, 
and  hardly  anything  else.  It  is  fortunate  that  this  is  the  range  of 
humidity  likely  to  be  met  with  at  the  best  observing  stations. 
Under  these  conditions  the  transmission  falls  off  rapidly  with  the 
temperature  of  the  planet,  so  that  the  energy  received  at  the  thermo- 
pile varies  as  the  sixth  or  seventh  power  of  the  latter.  These 
circumstances  are  really  very  favorable  for  the  determination  of 
planetary  temperatures. 

TABLE  I 
Transmission  of  Black-Body  Radiation 


Total  Precipitable 

Temperature 

Water  in  Path 

100° 

150° 

200° 

250° 

300° 

350° 

400° 

0.003  cm 

0 .  03  cm 

0 . 5  cm 

<N  M  0  0  0  0 
000000 
000000 

6  6  6  6  6  6 

0.025 
0.020 
0.014 
0.013 
0.013 
0.013 

0.0S4 
0.073 
0.050 
0.048 
0.047 
0.045 

0. 170 
0.150 
0.097 
0.091 
0.089 
0.08S 

0.268 
0.222 
0.136 
0. 126 
0. 122 
0. 120 

0.3SS 
0.288 
0.168 
0.152 
0.147 
0. 142 

0.440 
0.342 
0. 192 
0. 171 
0.163 
0.158 

1 . 0  cm 

2 . 0  cm 

3 . 0  cm 

There  is,  however,  great  need  for  an  extension  of  the  existing 
data  on  the  transparency  of  water-vapor  to  long-wave  radiation. 
Most  of  the  coefficients  used  for  computing  Table  I  were  obtained 
by  more  or  less  free  extrapolation  and  should  be  checked  by 
experiment. 

3.  The  observations: — The  first  measures  of  water-cell  transmis- 
sions were  made  at  the  Lick  Observatory'  in  19 14  by  Dr.  Coblentz, 
and  the  more  recent  ones  at  Flagstaff  by  Drs.  Coblentz  and  Lamp- 
land^ — to  whom  the  writer  is  much  indebted  for  communication  of 
results  in  advance  of  detailed  publication. 

Table  II  contains  the  observational  data  and  the  computed 
temperatures.  W  is  the  water-cell  transmission,  m  the  air-mass,  Q 
the  precipitable  water  in  centimeters  along  the  path,  a  the  phase- 
angle,  and  A  the  albedo.     q/(j)  is  the  phase  factor  for  reflected  radia- 

'  Lick  Observatory  Bulletin,  No.  266. 

"  Coblentz,  Scientific  Papers  of  the  Bureau  of  Standards,  No.  438;  Coblentz  and 
Lampland,  Popular  Astronomy,  30,  551,  1922. 
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tion  and  x  is  the  brightness  factor  defined  in  §1.  To  is  the  black- 
disk  equilibrium  temperature  from  equation  (3),  while  T[  and  T'^ 
are  theoretical  temperatures  computed  according  to  equation  (6), 

cos  L 
the   former  for  a  rapidly  rotating  planet,  in  which  case  v  = 

and  the  latter  for  the  sun  permanently  on  the  meridian,  a'  =  cos  L. 
If  the  planet's  radiating  layer  is  black  for  long  waves  (e  =  i),  its  tem- 

TABLE  II 
Planetary  Temperatures 


Planet 

Date 

W 

m 

Q 

a 

9 

A 

X 

To 

n 

t: 

T 

Venus 

11914,  Aug.  19 
\1922,  June  15 

1921,  Oct.     6 

1922,  June  15 
1922,  June  15 
1922,  June  15 
1922,  June  18 
1922,  June  18 
1922,  June  18 

11914,  Au?.  17 
I1922,  June  14 

fi9i4,  Aug.  26 
\1922,  June  14 

1914,  Aug.  27 

0.59 
0.663 

0.67 

0.470 

0.489 

0.511 

0.476 

0.523 

0.551 

0.657 
0.682 

0.5s 
0.60 

0.147 

5-5 
3-6 

2.6 
2  .1 

4-7 
2  .0 

2.0* 
1 .2 

67° 
45 

15 

5 

3 -03 
2.16 

I -30 
1.17 

0.59 
0-I54 

2 
3 

I 

460° 

276° 

369° 

330° 
310 

Mars 

Equator. . .  . 
South  

304 
323 

220 
233 
227 
223 
233 
227 
223 

107 
103 

76 

75 

290 
254 

293 
310 
303 
297 
310 
303 
297 

142 
137 

lOI 

100 

386 
338 

268 

262 

North 

Equator .... 

2  .1 

1.8 

8 

1.20 

South 

North 

Jupiter 

1-7 
2  .2 

1.6 
1-5 

3.6 

0.7 
1 .1 

0.7 
0.7 

2.9 

2 
10 

0 

l-S 

0.56 

I 

174 
168 

130 
127 

392 
392 

157 
168 

Saturn 

1-5 

&.63 

I 

172 
161 

Moon 

Earth 

So 

it 

0.073 
0.45 

It 

400 

*  No  humidity  data;  a  guess. 

.  t assumed  equal  to  i. 

<)>  •  X 

perature  must  lie  between  these  limits.  With  lower  emissivity  these 
computed  Umits  will  be  multiplied  by  the  factor  €~*.  The  observed 
temperature,  T,  will  be  multiplied  by  a  factor  approximating  e~' 
(see  §2).  T  is  the  temperature  compu,ted  from  the  water-cell 
transmissions  by  equation  (5),  assuming  that  the  emissivity  e  =  i. 
The  computed  values  for  the  earth  are  inserted  for  the  sake  of 
comparison.  It  should  be  remembered  that  for  planets  with  an 
atmosphere,  T  represents  the  temperature  of  the  "effective  radiat- 
ing layer."     The  surface  temperature  may  be  considerably  higher.^ 

DISCUSSION 

Venus.- — The  cpantity  x  was  estimated  on  the  basis  of  a  sketch 
sent  by  Dr.  Coblentz,  showing  the  region  observed.  Were  it  not  for 
the  uncertainty  in  this,  it  might  be  possible  to  judge  from  the  obser- 

'  Compare  the  discussion  by  ^Nlilne,  Philosophical  Magazine,  44,  872,  1922. 
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vations  whether  the  period  of  rotation  is  long  or  short.  The  table 
shows  that  the  observed  temperatures  agree  fairly  well  with  those 
computed  for  a  non-rotating  or  very  slowly  rotating  planet,  and  as 
X  in  the  second  case  may  be  greater  than  3,  the  agreement  may  be 
even  better.  More  data  are  needed  before  a  decision  can  be  made. 
'  Observations  of  the  radiation  from  small  areas  of  the  bright  crescent 
and  the  dark  side  of  the  planet  would  be  of  special  value,  and  might 
show  a  difference  between  the  sunrise  and  the  sunset  terminators. 

Mars. — The  first  isolated  observation  is  very  discordant.'  In 
the  absence  of  data  regarding  humidity  this  has  been  guessed  at, 
but  no  reasonable  change  in  the  estimate  will  remove  the  discord- 
ance. The  more  recent  observations  give  a  mean  temperature  of 
257°  A.  or  -16  °C.,  which  is  surprisingly  high.  It  may  perhaps  be 
explained  by  assuming  that  the  surface  is  very  little  shielded  by  the 
atmosphere,  and  has  a  low-heat  capacity,  so  that  it  reaches  nearly 
the  equilibrium  temperature  T'^'m.  the  early  afternoon,  cooling  greatly 
at  night.  A  nocturnal  fall  of  60°  C.  would  be  required  to  maintain 
the  proper  average  diurnal  radiation.  The  differences  between  the 
equator  and  the  higher  latitudes  are  very  closely  what  might  be 
expected,  as  the  sun  was  3°  south  of  the  Martian  equator.  The 
effective  latitudes  of  the  observed  northern  and  southern  regions 
have  therefore  been  taken  as  2)^°  and  27°  in  computing  T' . 

Jupiter  and  Saturn  appear  to  possess  nearly  the  same  temper- 
atures which,  although  very  low,  — 110°  C,  are  much  higher  than 
can  be  explained  by  the  solar  heat  alone.  They  are  far  from  red 
hot  on  the  surface  (as  has  been  often  supposed),  but  radiate  about 
as  much  heat  as  if  the  uppermost  layers  of  the  clouds  upon  their 
surfaces  were  composed  of  carbon  dioxide  snow,  or  some  similar 
substance. 

The  moon.- — The  observed  portion  was  close  to  the  limb  and  in 
a  region  of  very  unequal  brightness.  The  area  covered  by  the 
thermopile  is  so  small  that  x  can  hardly  be  guessed  at.  It  was 
assumed  that  q/(l)X  =  i  (the  value  for  a  part  of  the  full  moon  of  albedo 
equal  to  the  average).  The  resulting  temperature,  127°  C,  agrees 
very  well  with  the  calculated  value. 

'  In  a  letter  Dr.  Coblentz  states  that  the  seeing  conditions  were  very  poor,  and 
that  a  transmission  of  60  per  cent  would  be  just  as  probable  as  the  published  67  per 
cent.     The  observed  temperature  is  therefore  purpose!}'  omitted  from  the  table. 
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It  would  be  well  worth  while  to  observe  the  moon  with  a  small 
reflector,  using  the  entire  disk  on  the  receiver  of  the  thermopile, 
and  also  to  determine,  with  a  larger  telescope,  the  distribution  of 
the  heat  over  the  surface.  It  should  then  be  possible  to  obtain  very 
accurate  results.  Professor  Very'  in  1889  made  a  number  of  obser- 
vations of  the  heat  distribution  on  the  moon,  using  glass  instead 
of  a  water  cell  to  isolate  the  long-wave  energy.  An  examination  of 
these  results  shows  them  to  be  in  agreement  with  those  of  this 
paper  (viz.,  that  the  moon  is  very  hot),  within  the  accuracy  possible 
at  that  time.  He  finds  that  the  brighter  parts  of  the  moon's  disk 
show  a  greater  water-cell  transmission  than  the  darker  areas  (as 
they  should  do),  and  that  the  isothermal  curves  have  nearly  the 
theoretical  distribution,  approximating  circles  perpendicular  to  the 
line  joining  the  center  of  the  disk  with  the  sun. 

4.  Further  suggested  observations. — Of  the  planets  which  have 
not  yet  been  observed.  Mercury  should  give  a  very  low  water-cell 
transmission  on  account  of  its  low  albedo  and  high  temperature. 
Observations  would  be  interesting  but  difhcult. 

Uranus  should  be  observable.  If  it  is  as  hot  as  Jupiter  and 
Saturn,  it  should  be  possible  to  determine  its  temperatures  with 
some  accuracy.     Neptune  may  be  accessible  with  great  telescopes. 

SUMMARY 

Theoretical  conclusions. — ^The  results  obtained  so  far  are 
encouraging  and  indicate  that  the  method  of  water-cell  transmis- 
sions affords  a  very  valuable  means  of  determining  planetary 
temperatures. 

The  absorption  of  radiation  in  the  earth's  atmosphere  does  not 
apparently  offer  any  serious  obstacle  although  a  more  accurate 
determination  of  the  absorption  of  water-vapor  for  long  waves  is 
desirable. 

Extending  the  observations  on  the  planets  over  widely  varying 
zenith  distances  will  largely  eliminate  the  uncertainty  of  the  water- 
vapor  correction. 

To  obtain  a  reliable  value  of  the  mean  temperature,  it  is 
necessary  to  use  a  receiver  large  enough  to  cover  the  entire  disk. 

•  Very,  The  Distribution  of  the  Moon's  Heat  and  Its  Variation  with  Phase,  published 
by  Utrecht  Society  of  Arts  and  Sciences,  1891;  Very,  Astrophysical  Journal,  8,  199 
and  265,  1898. 
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Additional  smaller  ones  are  also  desirable  for  the  study  of  the  heat 
distribution  over  the  planet's  surface.  Either  fluorite  or  rock-salt 
should  be  used  for  the  window  of  the  thermocouple. 

Numerical  conclusions.- — Coblentz'  observations  have  been 
reduced,  and  indicate  that  the  surface  temperature  of  Venus  is 
^o°  C,  Mars  —  i6°C.,  Jupiter  and  Saturn  —  iio°C.,  while  the 
moon  is  very  hot,  possibly  1 20°  C.  These  values  are  subject  to  some 
uncertainty,  especially  the  first  and  last,  owing  to  the  difficulty  of 
estimating  the  correction  which  has  to  be  appHed  because  only  a 
part  of  the  image  fell  upon  the  thermopile. 

The  computed  temperatures  of  Venus  and  ]VIars  can  be  ex- 
plained if  they  receive  all  their  heat  from  the  sun  and  lose  it 
almost  as  fast  as  they  receive  it,  cooling  greatly  at  night. 

Jupiter  and  Saturn  have  higher  temperatures  than  could  be 
maintained  by  solar  radiation  alone,  confirming  the  belief  that  the 
planets  are  hot  internally. 

Further  observation  on  all  accessible  members  of  the  solar 
system  is  highly  desirable. 
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LIGHT-CURVE  AND  ORBIT  OF  CG  CYGNI 

a  =  20^^54^21  5  =  +34°  47:5(1900.0) 
By  CH'ING-SUNG  YU 

ABSTRACT 

Pholomelric  study  of  the  eclipsing  variable  star  CG  Cygni. — The  light-curve  of  this 
variable  star  is  determined  from  a  series  of  272  extra-focal  observations  made  with  the 
Thaw  Photographic  Refractor  of  the  Allegheny  Observatory  during  1922  (Fig.  2).  It 
is  found  to  be  an  eclipsing  system  with  two  minima,  the  eclipses  being  partial.  Ellip- 
ticity  of  the 'component  stars  is  indicated  by  the  continuous  variation  between  eclipses; 
there  is  also  definite  indication  that  the  sj^stem  is  slightly  brighter  when  the  brighter 
component  is  approaching  us  than  when  it  is  receding  from  us.  The  range  of  variation 
(photographic)  is  1. 12  mag.;  the  period  is  0.631,139  day.  The  orbital  elements  and 
probable  dimensions  of  the  system  were  determined  on  the  assumption  of  uniform 
illumination  and  also  on  the  hypothesis  that  daricening  at  the  lirhb  exists  (Table  V 
and  Figs.  4  and  5).  The  latter  solution  gives  the  smaller  residuals,  the  probable  error 
of  a  normal  of  weight  unity  being  0.019  mag.  for  the  "uniform"  and  0.014  mag.  for 
the  "darkened"  solution.  The  larger  and  fainter  component  of  the  system  is  of  later 
spectral  type  than  the  smaller  and  brighter  star. 

Among  the  variable  stars  included  in  the  extensive  photometric 
program  now  being  carried  on  at  the  Allegheny  Observatory  was  the 
recently  discovered  variable  star  B.D.  +34°  4217,  which  has  now 
received  the  name  "CG  Cygni."  The  variability  of  this  star  was 
discovered  by  A.  Stanley  Williams  in  the  year  1905,  when  comparing 
two  photographs.  Observations  to  determine  its  elements  of 
variation  were  not  commenced  however  until  October,  1921,  when 
the  discoverer  made  a  series  of  219  visual  observations.^  While  the 
shape  and  time  of  the  principal  minimum  were  well  determined, 
observ^ations  were  too  few  to  represent  the  true  form  of  other  parts 
of  the  light-curve,  especially  the  secondary  minimum.  Williams' 
results  are  given  in  Table  II. 

Four  stars  in  the  neighborhood  of  the  variable  were  selected  as 
comparison  stars.  They  are  designated  a,  b,  c,  and  d  in  the  order 
of  decreasing  brightness,  and  their  positions  relative  to  the  variable 
can  be  seen  in  Figure  i.  Their  positions  for  1900  with  their  magni- 
tude differences  and  the  adopted  magnitudes  are  given  in  Table  I. 
The  positions  are  not  exact,  but  will  serve  for  identification. 

For  the  observations  eleven  sets  of  plates  were  taken  on  eleven 
nights  with  the  30-inch  Thaw  Photographic  Refractor  set  about 

'  Monthly  Notices,  82,  300,  1922. 
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lo  mm  out  of  focus.     Each  set  consists  of  four  "Seed  30"  plates. 
Following  the  usual  procedure  of  the  photometric  work  at  the 

+35°Jo' 


+35°oo' 


+34°5o' 


+34V 


+34°3o' 


•d 

• 
• 

•e 

• 

• 

0V 

a 
•b 

• 

• 

20^55™  54"  53" 

Fig.  I. — Field  of  CG  Cygni 

TABLE  I 

Positions  and  Magnitudes  of  Comparison  Stars 


52" 


Star 

« 

d 

Mag.-Diff. 

Adopted  Mag. 

a   

2o''54"'o 
20  53-9 

20  52. 2 
20  54.2 

+34°  46' 
+34  44 
+35  04 
+35  06 

0.000 

0-313 
0.327 
0.381 

b 

c 

d 

10.413 
10. 740 
II. 121 

Allegheny  Observatory,  the  four  plates  were  exposed  in  succession 
to  one  setting  of  the  star;  then  the  position  of  the  star  was  changed 
about  2  mm  and  the  process  repeated.     The  average  length  of  a 
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series  of  observations  was  about  five  hours,  which  covered  a  con- 
siderable portion  of  the  period  of  the  variable.  The  time  of  each 
exposure  ranged  from  five  to  eight  minutes,  depending  upon  the 
clearness  of  the  sky.  With  the  exception  of  passing  clolids  on  a 
few  occasions  all  plates  were  taken  under  favorable  conditions. 
However,  it  was  deemed  advisable  later  to  reject  one  set  of  plates 
which  were  taken  on  a  partially  cloudy  night;  there  were  only  one 
or  two  exposures  on  each  plate  of  this  set.  The  other  ten  sets  of 
plates  were  used,  making  a  total  of  272  observations,  which  cover 
the  period  at  least  twice  and  the  minima  three  or  four  times. 

Mag. 
Diff. 

-0.5 

-0.3 


+0.3 


+0.6 


+0.9 


090  o?!  o"?2  093  0*^4 

Fig.  2. — Mean  light-curve  of  CG  Cygni 
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The  intensities  of  the  star  images  were  measured  with  a  Hart- 
mann  microphotometer.  Each  reading  on  the  variable  was 
compared  with  the  mean  .y  of  the  comparison  stars,  and  the 
magnitude-differences  {v-s)  obtained.  These  observations  were 
grouped  into  forty-four  normals  by  taking  the  means  of  every 
0.005  day  during  principal  minimum,  every  o.oio  day  during 
secondary  minimum,  and  every  0.030  day  between  eclipses.  The 
phases  have  been  reduced  to  the  sun.  The  normals  are  entered  in 
the  second  and  third  columns  of  Table  IV,  from  which  the  mean 
light-curve  (Fig.  2)  is  derived. 
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By  making  a  preliminary  plot  of  the  individual  observations, 
three  well-defined  minima  were  found.  These  indicated  that  the 
period  is  a  little  shorter  than  that  given  by  .Williams.  To  fit  these, 
the  period  as  determined  by  Williams  was  corrected  and  slightly 
shortened,  using  the  original  value  of  the  epoch.  The  new  period 
adopted,  and  other  elements  of  variation  derived  from  the  mean 
light-curve,  are  given  in  Table  II,  together  with  the  corresponding 
values  obtained  visually  by  Williams. 

TABLE  II 
Elements  of  Variation  of  CG  Cygni 


Yu  (phot.) 


Period 

Principal  minimum . 

First  maximum 

Secondary  minimum 
Second  maximum.  .  . 
Range 


The  adopted  formula  for  phase  determination  is: 
Helio.  G.M.T.  of  Principal  Min.  =  J.D.  2,422,967  .4268+o'^63ii39  E. 

It  will  be  seen  by  comparing  the  two  sets  of  results  in  Table  II 
that  a  visual  range  of  but  0.49  mag.  was  found,  whereas  the  cor- 
responding range  as  found  from  the  photographic  data  is  1.115  mag. 
While  such  differences  might  be  taken  as  indicating  a  color-index  of 
roughly  +0.3  for  CG  Cygni,  such  a  deduction  is  highly  uncertain, 
and  the  determination  of  the  color-index  of  this  variable  must  await 
future  color-screen  comparisons.  The  color-index  seems  definitely 
greater  at  primary  minimum. 

The  mean  light-curve  of  CG  Cygni  (Fig.  2)  shows  that  the  system 
is  an  eclipsing  binary  of  the  "(3  Lyrae"  type,  the  eclipses  being 
partial.  There  is  a  deep  primary  minimum  and  a  shallower  second- 
ary minimum.  The  former  indicates  a  loss  of  about  0.6  and  the 
latter  about  0.2  of  the  light  of  the  system.  The  duration  of  each 
partial  eclipse  is  about  o.i  day.  The  secondary  eclipse  occurs 
exactly  midway  between  the  primary  eclipses,  this,  together  with 
the  equality  in  the  duration  of  the  eclipses,  indicates  that  the  orbit 
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is  sensibly  circular.  Its  eccentricity  has  therefore  been  assumed  as 
zero  (e^o).  The  slight  but  constant  variation  of  light  between 
eclipses  shows  that  the  component  stars  are  elliptical  to  a  small 
extent.  Mutual  heating  and  reflection  effects  are  also  indicated  to 
an  appreciable  amount,  as  the  system  is  brighter  near  the  secondary 
eclipse  than  near  the  primary.  One  interesting  fact  definitely 
shown  by  the  mean  light-curve  is  that  the  system  is  decidedly 
brighter  following  the  primary  minimum  than  after  the  secondary 
minimum,  although  the  positions  of  the  two  stars  are  symmetrically 
identical  in  both  cases.  Since  the  orbit  is  sensibly  circular,  this 
phenomenon  cannot  be  accounted  for  by  a  periastron  effect.  It  will 
be  noticed  that  the  system  appears  brighter  when  the  bright  star  is 
approaching  us,  and  is  slightly  fainter  when  the  same  star  is  reced- 
ing from  us.  Hence  it  has,  in  this  respect,  the  characteristics  of  a 
Cepheid  variable  and  the  "  resisting  medium  "  would  perhaps  explain 
this  discrepancy.  There  is  the  difficulty  on  this  theory,  however, 
due  to  the  fact  that  no  effect  is  observed,  when  the  larger  and  fainter 
star  is  approaching  at  the  same  velocity.  It  will  be  noticed  further 
that  the  observations  along  the  first  maximum  do  not  fit  the  smooth 
curve  so  well  as  those  along  the  second  maximum  do,  although 
more  observations  were  made  during  the  former.  The  curve  at  the 
latter  phase  is  remarkably  smooth  in  spite  of  the  fact  that  it  was 
covered  only  twice  by  observations.  The  apparently  unsteady 
character  during  the  first  maximum  is  perhaps  real,  as  a  result  of 
increased  activity  of  some  sort,  although  errors  in  observation  may 
account  for  most  of  it. 

The  mean  light-curve  is  "rectified"  for  the  effects  discussed 
above,  namely,  ellipticity,  reflection  or  radiation  effect,  and  the 
"resisting  medium"  effect.  The  first  was  corrected  by  Russell's 
graphical  method,  and  the  corrections  (me)  entered  in  Table  III. 
The  other  two  effects  were  small  enough  to  warrant  summary  treat- 
ment and  are  simply  removed  by  (—.02  cos  0  +  . 022  sin  6).  The 
rectified  magnitudes, 

M=m—me—  .02  cos  6-\-  .022  sin  6 

are  given  in  the  fourth  column  of  Table  IV,  and  from  these  values 
the  rectified  curve  (Fig.  3)  is  derived. 
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The  rectified  light-curve  shows  the  normal  characteristics  of  the 
"Algol"  type.  The  drop  of  the  principal  minimum  is  1.061  mag., 
and  that  of  the  secondary  minimum  0.271  mag.  The  loss  of  light 
for  the  two  minima  is  as  follows:   i-Xi  =  0.624  ^^rid  i-X2  =  0.221. 


Mag. 
Diff. 

-0.5 
-0.3 


+0.3 


+0.6 


+0.9 


TABLE  III 
Corrections  for  Ellipticity 


B               \              i 

O.IOO  COS'  0 

IKg 

0° 

000 

0. 100 

0.057 

15 

026 

•  093 

•053 

30 

053 

•07S 

.042 

45 

078 

.050 

.028 

60     • 

los 

.025 

.014 

75 

132 

.007 

.004 

90 

158 

0.000 

0.000 

- 
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1 

090  o?i  o?2  o'^3  o<^4  o?5 

Fig.  3. — Rectified  light-curve  of  CG  Cj'gni 
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In  deriving  the  orbital  elements  of  CG  Cygni,  the  writer  applied 
the  principles  of  the  eclipse  theory,  as  developed  by  Professor  H.  N. 
Russell.'  Both- "uniform"  and  "darkened"  solutions  were  made. 
The  results  are  given  in  Table  V,  and  the  system  represented  in 
Figures  4  and  5. 

^  Astrophysical  Journal,  35,  315;  36,  239,  1912. 
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TABLE  IV 

XoRMAL  Points,  Rectified  Magnitudes,  and  Residuals 


No.  of 
Normal 
Points 


Phase  t 


Mag.  (v—s) 


Corr. 


Rectified 
Mag. 


0-C. 


0-Q 


I. 

2. 

3- 
A- 
5- 
6. 

7- 
8. 

9- 

lO 

II. 

12. 

13 
14. 
15. 
i6. 

17. 
i8 

19, 
20, 
21 
22 
23 
24 
25 
26, 

27 
28, 

29 
30 

31 
32 
33 
34 

35 
36 

37 
38 
39 
40 

41 
42 
43 
44 


000 
005 
014 
021 

028 
034 
041 
048 

053 
062 

075 
085 

095 
no 

134 
164 
192 
223 

256 
274 
282 
295 
304 
314 
324 
334 
344 
354 
364 
385 

413 
443 
473 
503 
532 
555 

564 

574 
582 

595 
605 
613 
622 
626 
631 


+0.78 
+0.72 
+0.48 
+0.  20 
+0.04 

—  o.  10 

—  o.  19 
-0.25 
-0.28 

—  o.  29 

-0.32 
-0.34 
-0.35 
-033 
-0.36 

—  0.40 

-0.39 

-0-35 

-0.38 
-0.36 

—  o.  24 
-o.is 
-0.08 
-0.05 
-0.05 
— o.  16 

-0.18 

—  o.  26 

-0.32 
-0.32 

-0.33 
-0.33 
—0.33 
-0.33 
-0.31 
-0.31 

-0.31 
-0.30 
-0.28 

—  o.  16 

+0.08 
+0.34 
+059 
+0.64 

+0.78 


-o.oS 
-0.08 

—  0.07 
—0.07 

—  0.06 
—0.06 
-0.05 
-0.05 
-0.05 

—  0.04 

-0.03 

—  0.02 

—  O.OI 

0.00 
+0.01 
+0.02 
+0.02 
+0.01 


—  0.02 

—  0.02 
—0.03 

-0.03 

—  0.04 

—  0.04 

—  0.04 

—  0.04 

—  0.04 

—  0.04 

-0.03 
-0.03 

—  0.02 
— 0.02 

-0.03 

—0.05 

—  0.06 

—  0.06 

—  0.07 
— 0.07 

-0.08 

-O.oS 
-0.08 
-0.08 
-0.08 
-0.08 


+0.70 
+0.64 
+0.41 
+0.13 

—  0.02 

—  o.  16 

—  o.  24 

-0.30 

-0-33 
-0-33 

-0-35 
-0.36 
-0.36 
-0-33 
-0-35 
-0.38 
-0-37 
-0-34 

-0.39 
-0.38 

—  o.  26 


—  0.09 

—  0.09 

—  o.  20 

—  O.  22 
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-0.36 
-0.3s 

-0.36 
-0.35 

— 0-35 

-0.36 
-0.36 

-0-37 

-0.37 
-0.37 
-0.35 

—  o.  24 
0.00 

+0.26 

+0.51 

+0.56 

+0.70 
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9 
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4 
3 
4 
3 
10 

14 
10 
16 
13 
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While  it  is  not  the  primary  purpose  of  this  paper  to  present  the 
relative  merits  of  the  "uniform"  and  the  "darkened"  hypotheses 
of  the  eclipsing  theory  of  variable  stars,  it  would  seem  from  the 
results  obtained  that  darkening  at  the  limb  is  strongly  indicated 
for  CG  Cygni.  The  average  residual,  regardless  of  sign,  is  0.016 
mag.  for  the  darkened  hypothesis  as  against  0,019  mag.  for  the  uni- 
form one.  Securing  the  "probable  error"  of  a  single  normal  of 
weight  unity  from  the  final  residuals  by  the  ordinary  formula,  this 
value  for  the  uniform  solution  is  ±0.019  i^^^-g-,  and  for  the  darkened 

TABLE  V 
Orbital  Elements  of  CG  Cygni 


Uniform 

Darkened 

k 

.767 

.784 

Go 

1. 000 

•95° 

Oi 

.381 

•370 

b^ 

.361 

•357 

02 

.292 

.290 

b. 

.277 

.280 

i 

•317 

•253 

e 

.000 

.000 

1 

85^10' 

82°i7' 

cos  i 

.084 

•143 

L, 

•376 

•343 

L, 

.624 

.657 

JJJ. 

1/2.8 

1/3. 1 

Pi 

•340 

•358 

P2 

•753 

•742 

ri 

1-433 

1.408 

Tt 

1.099 

1-015 

IT 

0  ''0044 

o''oo44 

Ratio  of  radii  of  stars 

Maximum  percentage  of  eclipse 

Major  semi-axis  of  larger  star 

Minor  semi-axis  of  larger  star 

Major  semi-axis  of  smaller  star 

Minor  semi-axis  of  smaller  star 

Eccentricity  of  meridian  section 

Eccentricity  of  orbit 

Inclination  of  orbit  plane 

Least  apparent  distance  of  centers. . .  . 

Light  of  larger  star 

Light  of  smaller  star 

Ratio  of  mean  surface  intensities 

Density  of  larger  star  (sun  =  1) 

Density  of  smaller  star 

Mean  radius  of  larger  star  (sun's  r=  i) 

Mean  radius  of  smaller  star 

Hypothetical  parallax  of  system 


one,  ±0.014  mag.     The  observed  secondary  minimum  is  also  much 
better  represented  by  the  "darkened"  solution. 

It  was  found,  by  assuming  equal  masses  for  the  component  stars, 
that  the  mean  radius  of  the  larger  star  is  about  one  and  four-tenths 
that  of  the  sun.  Assuming  that  its  surface  brightness  is  the  same 
as  the  sun's,  the  light-emission  of  the  larger  star  will  be  about  twice 
as  great,  and  that  of  the  whole  system  about  5.7  times  as  great  as 
that  of  the  sun.  At  maximum  the  photographic  magnitude  of  the 
system  is  10.22,  and  the  visual  magnitude  close  to  9.9.  Taking  the 
absolute  magnitude  of  the  sun  as  +5,  and  assuming  that  the  system 
is  5.7  times  as  bright  as  the  sun,  its  absolute  magnitude  will  be  about 
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+3.  Then  from  the  equation  1/  =  w+5  +  5  log  tv,  we  derive  a  hypo- 
thetical parallax  of  0^0044,  corresponding  to  a  distance  of  740  light- 
years.  The  distance  thus  derived  is  probably  trustworthy,  though 
it  must  be  remembered  that  it  depends  on  the  assumptions  made 
above  as  to  mass  and  intrinsic  surface  luminosity. 


Figs.  4  and  5. — System  of  CG  Cygni.     The  upper  cut  is  for  the  uniform  solu- 
tion;  the  lower  for  the  darkened  solution. 


CG  Cygni  is  too  faint  for  spectroscopic  study  with  existing 
instruments.  The  larger  color-index  at  primary  minimum  would 
indicate  that  the  spectrum  of  the  fainter  star  is  of  a  more  advanced 
type  than  that  of  the  brighter  star. 
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SUMMARY 

1.  Visual  observations  of  the  variable  star  CG  Cygni,  amounting 
to  219,  were  made  by  Williams,  and  its  epoch  and  period  determined. 

2.  The  writer  has  taken  272  photographic  observations,  the 
reduction  of  which  gives  the  following  new  period,  the  epoch  being 
that  given  by  Williams: 

Principal  Min.  =  J.D.  2,422,967  .4268+o<i63ii39  E     G.H.M.T. 

3.  The  mean  light-curve  shows  that  CG  Cygni  is  an  eclipsing 
system  of  the  "/3  Lyrae"  type,  the  eclipses  being  partial. 

4.  At  primary  minimum  when  over  nine-tenths  of  the  smaller 
and  brighter  component  is  covered  by  the  larger  and  fainter  one, 
the  star  is  1.115  mag.  fainter  than  at  maximum.  The  magnitude 
at  maximum  is  10.219. 

5.  The  spectrum  of  the  system  is  unknown,  but  there  is  definite 
indication  that  the  fainter  star  is  later  in  type  than  the  primary. 

6.  The  component  stars  are  elliptical,  but  the  ellipticity  is  small. 
The  orbit  is  sensibly  circular. 

7.  Mutual  heating  and  reflection  effects  are  noticeable.  The 
system  is  0.045  mag.  brighter  at  first  maximum  when  the  bright  star 
is  approaching  us  than  at  second  maximum  when  the  same  star  is 
receding. 

8.  Two  methods  of  solution  were  employed  to  determine  the 
orbital  elements  of  the  system.  The  agreement  of  the  computed 
curves  in  each  case  with  the  observed  one  proves  that  the  light- 
variation  of  CG  Cygni  is  satisfied  by  the  eclipse  theory,  and  the 
slightly  better  representation  of  the  "darkened"  solution  indicates 
that  darkening  at  the  limb  exists. 

9.  The  smaller  star  emits  twice  as  much  light  as  the  larger  one, 
while  its  surface  brightness  is  3.1  times  as  great.  The  fainter  star 
exceeds  the  brighter  one  in  linear  dimensions  by  27  per  cent.  The 
distance  between  centers  is  2.7  times  the  radius  of  the  fainter  star. 
The  larger  and  the  smaller  components  are,  respectively,  .358  and 
.742  as  dense  as  the  sun  on  the  equal-mass  assumption. 

10.  CG  Cygni  is  probably  740  light-years  away,  having  a 
parallax  of  0^0044. 
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EXCITATION  STAGES  IN  THE  OPEN 
ARC-LIGHT  SPECTRA 

PART  III.    LEAD,  MERCURY,  THALLIUM,  MAGNESIUM 
By  B.  E.  MOORE 

ABSTRACT 

ExcilaUon  stages  in  low-current  arc  spectra  of  Pb,  Hg,  Tl,  and  Mg. — In  the  present 
study  pJwtographic  methods  were  used  in  contrast  to  visual  methods  of  the  previous 
studies.  It  is  found  that  the  true  arc  begins  to  discharge  from  a  minute  point  or 
negative  polar  tip.  This  tip  discharge  never  forms  without  ionization;  and  when  the 
pole  is  a  bivalent  elemeht  there  are  always  lines  belonging  to  the  Rydberg  4N  limit, 
lines  which  are  theoretically  associated  with  a  return  of  the  second  valence  electron 
to  the  nucleus,  i.e.,  at  the  pole  tip,  the  temperature  and  velocities  of  the  electrons  are 
always  high  enough  to  produce  appreciable  dissociation  of  the  atom.  For  the  element 
lead  all  of  the  observed  lines  are  easily  produced  and  show  an  exceptionally  low  ratio  of 
pole  to  middle  intensity.  This  indicates  that  the  lines  belong  to  Stage  I  and  that 
there  is  an  appreciable  amount  of  lead  vapor  in  the  arc  at  low  currents.  Two  stages 
are  found  in  the  development  of  the  lines  of  mercury  and  a  possible  third  stage  is  sug- 
gesLed;  furthermore,  the  lines  develop  more  slowly  than  in  the  other  metals.  Two  stages 
are  found  in  the  development  of  the  lines  of  thallium.  There  are  four  stages  in  the 
development  of  the  lines  of  magnesium,  which  correspond  closely  to  what  is  known 
from  other  considerations  as  a  resonance,  first  ionization,  a  subsequent  resonance,  and 
a  second  ionization.  The  changes  are  subtle,  and  the  stages  overlap.  The  different 
actions  of  nitrogen  and  hydrogen  atmospheres  are  used  in  these  experiments.  Enhance- 
ments are  carefully  considered,  and  evidence  is  given  which  confirms  the  opinion,  which 
has  been  frequently  contested,  that  the  enhanced  lines  correspond  to  hotter  stages. 

INTRODUCTION 

In  Parts  I  and  11^  the  intensity  of  various  spectral  lines  was 
generally  computed  from  the  formula 

logio/  =  J,  (i) 

where  I  is  the  intensity  of  illumination  and  d  the  density  of  the 
filter  which  reduces  the  transmitted  light  to  the  limit  of  visibility. 
This  method  is  employed  herein  for  the  visible  spectrum  of  mercury 
(see  graphs,  Fig.  2).  In  the  present  experiments  the  photographic 
method  has  been  chiefly  employed.  If  we  attempt  to  use  the 
density  of  a  (negative)  line  as  an  index  of  intensity  according  to 
equation  (i),  we  are  subject  to  some  restrictions.  I  am  indebted 
to  Mr.  Lloyd  Jones,  of  the  Eastman  Kodak  Company,  for  an 
extensive  discussion  of  this  point.     For  the  present  purpose  Figure  i 

^  Astro  physical  Journal,  54,  191,  246,  1921. 
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will  give  us  sufficient  information.  Here  logarithms  of  intensity 
are  represented  as  abscissae  and  the  corresponding  densities  of 
the'photographic  image  as  ordinates.  The  two  curves  correspond 
to  different  wave-lengths.  Uniform  results  are  obtained  only  when 
lines  are  studied  upon  one  branch  (e.g.,  branch  6).  A  method  was 
available  which  permitted  the  study  of  spectral  lines  by  an  absorp- 
tion^method,  and  from  the  absorption  a  computation  of  the  density 
of  the  lines.  A  less  accurate  method  was  judged  sufficiently  satis- 
factory for  the  purpose.  Let  us  take,  for  example,  three  lines,  /,  w, 
n,  whose  intensities  are  100,  10,  and  i,  respectively.  Let  us  take 
three  exposures  of  these  lines,  and  let  the  time  ratio  of  the 
exposures  be  i,  10,  and  100.  Now  we  shall  make  the  assumption 
that  an  increase  in  time  of  exposure  is  equivalent  to  an  increase  in 
intensity,  which  certainly  is  more  accurate  than  the  reading  which 
we  shall  obtain.  We  find  now  that  m 
in  the  second  has  the  same  density 
as  I  in  the  first  photograph.  Also, 
we  find  that  n  in  the  third  photograph 
has  the  same  intensity  as  /  in  the  first 
and  as  m  in  the  second.  Thus  by 
cross-comparison  of  differently 
"timed"  exposures,  one  may  make 
visual  comparison  of  the  intensities  of  lines.  This  procedure,  of 
course,  should  be  limited  to  the  h  branch  of  the  curve,  Figure  i, 
and  should  be  subjected  to  a  large  correction  for  large  change  of 
wave-lengths.  The  latter  correction  has  not  been  introduced,  and 
lines  of  intensity  i,  2,  lie  upon  the  lower  branch  of  the  curve, 
Figure  i.  Such  hues  are  essentially  brighter,  therefore,  than  they 
appear. 

One  other  feature  should  be  noticed.  If  we  are  dealing  with  a 
photograph  which  has  a  number  of  lines  whose  intensities  are  dis- 
tributed across  the  h  section  of  the  curve.  Figure  i,  and  compare  it 
with  another  photograph  adequately  timed  to  bring  the  strong  lines 
down  to  the  lower  part  of  the  branch  b,  then  the  lines  which  pre- 
viously occupied  the  lower  position  upon  the  h  curve  will  make 
practically  no  impression  upon  the  lower  branch  of  the  curve. 
Hence  the  disappearance  of  these  lines  under  such  circumstances  is 


Fig.  I 
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not  an  indication  of  the  absence  of  the  lines  in  the  source  of  illumina- 
tion. There  are  two  methods  which  one  may  adopt  to  overcome 
this  difficulty.  First,  one  may  establish  some  relationship  between 
the  intensities  of  certain  lines  and  the  current.     In  Parts  I  and  II 

we  have  used 

I^ki\  (2) 

where  i  is  the  current,  and  we  found  very  serviceable  values  for  x 
to  be  2.5,  3  to  3.3.  Then  with  x  equal  to  3  for  two  currents  of  ratio 
one  to  two,  the  times  required  for  exposures  which  will  give  equal 
intensities  are  in  the  ratio  of  eight  to  one.  In  this  way  any  inequal- 
ity in  the  rate  of  development  will  appear.  For  the  very  weak  lines 
one  may  resort  to  overexposure,  the  object  of  which  is  to  push  the 
line  from  the  lower  to  the  middle  branch  in  Figure  i.  This  is 
essentially  increasing  x,  and  its  application  is  limited  by  the  fogging 
of  the  plate  from  low-intensity  continuous  radiation. 

LEAD 

The  metal  was  placed  in  a  small  brass  cup  and  was  used  as  a 
lower  negative  pole.  The  upper  positive  pole  was  copper.  The 
current  was  varied  from  0.035  ampere  to  o.i  ampere.     With  larger 

TABLE  I 


GROxn"  I 

Group  H* 

XX 

/ 

Negative 
Pole— Middle 

XX 

/ 

Negative 
Pole— Middle 

4058 

'l^AQ          

20 

4 
20 

I 
20 

3 

5 
10 

5 
10 

5 
10 

2073 

2,3 

23 

02 

2663 

28 

2577    

iif 

5 
10 

3 

5 
4 
8 

I 
I 
I 
I 

10 
10 

3680 

10 

3671 

3640 

3573 

10 
10 
10 

2476a 

24466 

'■  Groups  according  to  Kayser  and  Runge,  Wied.  Ann.,  52,  03,  1894;   "a,  b,"  belong  to  Group  HI; 
"c"  an  unidentified  line. 

currents  the  metal  volatilized  rapidly.  The  arc  was  photographed 
in  an  atmosphere  of  nitrogen.  In  Table  I  is  given  a  list  of  lines  with 
an  eye  estimate  of  intensities  for  one  current.     With  increased 
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exposure  the  continuous  field  grows,  and,  except  for  a  small  region 
about  XX  2400-2800,  interferes  with  observations.  In  the  latter 
region  there  was  no  trace  of  new  lines  at  100  times  overexposure, 
although  there  are  several  recorded  in  Kayser's  Handhuch  der 
Spectroscopie,  Volume  VI,  which  might  have  been  anticipated. 
Lead  is  characterized  by  a  few  very  strong  lines,  a  few  of  moder- 
ate intensity,  and  a  greater  number  of  very  weak  ones.  Under  the 
circumstances  the  very  weak  ones  may  have  been  absent  because  of 
inadequate  exposure,  but  this  cannot  be  said  concerning  the  missing 
lines  of  moderate  intensities.  The  inference  is  that  the  current  had 
not  reached  sufficient  intensity  to  excite  these  lines.  Comparing 
the  ratio  of  polar  to  middle  intensities  in  Table  I,  it  is  evident  that 
the  slight  variation  does  not  give  one  adequate  reason  for  thinking 
that  the  lines  belong  in  different  classes.  They  represent  very  easy 
excitations  and  probably  fall  in  Stage  I.  They  increase  more  rapidly 
than  the  cube  of  the  current. 

]VIERCURY 

Table  II  gives  a  list  of  lines  at  a  current  of  .08  ampere  whose 
terms  are  listed  in  order  of  their  relative  intensities.  A  larger  cur- 
rent was  not  used  in  the  invisible  spectrum,  for  boiling  and  spraying 
begins.  Judgment  concerning  the  middle  of  the  arc  could  not  be 
carried  very  far  as  an  exposure  forty  times  as  long  as  at  the  pole 
begins  to  produce  a  fog  which  has  its  origin  in  continuous  spectral 
radiation. 

Table  III  gives  a  study  of  X  5461  with  the  ray  filters  in  the  visible 
spectrum.  To  get  the  last  readings  for  pole  and  middle  it  was 
necessar}^  to  use  a  large  surface  of  m.ercury,  and  to  have  an  assistant 
stir  it  and  remove  the  oxidized  portion.  This  line  and  a  few  others 
are  shown  upon  the  graph,  Figure  2.  Line  X  5769,  negative  pole, 
practically  duplicates  X  5461,  middle  of  the  arc.  Line  X5790  is 
like  X  5769  but  a  little  weaker.  Line  X4916,  Type  2P-35,  shows 
the  same  ratio  to  X  5769  as  X  5769  shows  to  X  5461.  Lines  X  4339, 
Type  2P  — 4J'  and  X  4347,  Type  2P  —  4D,  are  just  becoming  visible 
at  the  limits  of  the  experiment.  Line  X  4959  appears  at  the  same 
time  as  X  4916  and  shows  uniformly  about  one-third  of  the  intensity 
of  the  latter.  An  unknown  type  is  shown  in  X  5365,  a  very  impor- 
tant unknown  type  is  found  in  Table  II,  line  X  4078. 
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TABLE  II 

Mercury  Lines 


Intensities 
Negative  Pole 


Negative 
Pole— Middle 


Type 


Stage 


2537- 

5461. 

4358. 

4047. 

3663  ■ 
55- 
SO. 

3131- 
26. 

3028. 

3028. 
•23 


100 
60 


30 
30 


lS-2p2 

1. 5^1 

3<^"i 
2,di 


I 
I 
I 
I 

II 
II 
II 


2655 
2653 [*• 
2652J 
2635t. . 
3341  •  • 
2893  ■  ■ 
2753- •• 
4078.  .  , 
2925.  .. 

2574.  • 
2464.  .  , 
2803 .  .  , 
2482 .  .  , 
2699.  .  , 
2399.  .  , 
5790.  . 
5769.  .  , 
4347 •  • 
4339  •  • 
4916.  . 

5335-  • 
4959  ■  • 


15 
10 


15 


30 


>40 


Zd. 
3ds 
4d"i 
Ad  I 
^di 

Adz 

Adi 

2.5^1 

2.552 

2-5^3 

? 

3-5^1 

3-5^2 

3-5^3 

Sd. 

Sdz 

6dr 

6dz 

2P-3Z?. 

2P-sd 

2P-AD 

2P-Adi 

2P-3-5S 


II 


IT 
II 
II 


*  Not  separated.     Broad. 


t  Overlapped  by  X  2537. 


S  See  graph. 


TABLE  III 

X5461 


Intensities 

Negative  Pole 
(amperes) 

Middle 
(amperes) 

10 

.016  —.018 

100 

.0125 
.0215-. 0245 
.036  -.045 
.11-. 16* 

.0295-. 0345 
056  —.068 

1000 

lOOOO 

.095  -.125 

lOOOOO 

*  Probably  reversal  is  taking  place. 
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There  is  a  marked  degree  of  parallelism  in  the  lines  of  the 
mercury  graph,  Figure  3.  A  rate  of  development  proportional  to 
the  cube  of  the  current  is  shown,  and  it  is  seen  that  the  lines  develop 
less  rapidly  than  this  power  of  the  current.  The  same  conclusion 
holds  for  the  ultra-violet  lines.  Line  X  2537,  Type  1.55^ — 2/>^,  and 
the  triplet  2^1- — 1,55  intercept  the  ordinate  axis  at  zero  current,  i.e., 
they  leap  to  well-defined  magnitudes  at  the  very  lowest  current  at 


4- 


^^Q 


Q^  —  -O 


.0^ 


.5  i.o 

Log  ( 1 00  X  amps) 

Fig.    2 


which  the  self-sustaining  arc  will  operate.  They  are  therefore 
placed  in  Stage  I.  Then  there  follow  others  whose  claun  for  Stage 
II  are  very  distinct.  Lastly  there  are  weaker  lines  in  the  ultra- 
violet and  some  just  becoming  distinct  in  the  visible  spectrum  for 
the  largest  current.  The  evidence  that  these  lines  belong  in  a  third 
stage  is  not  so  well  defined.  But  if  they  belong  to  an  earlier  stage, 
we  must  assume  that  the  general  slope  of  their  development  is  very 
dift'erent  from  the  other  lines  in  Stage  II.  The  lines  are  not  assigned 
to  any  stage  in  Table  II. 
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THALLIUM 

Line  X  5350  is  so  very  strong  that  it  required  too  much  super- 
position of  filters  to  get  a  clear  view  of  the  field,  and  readings  are 
too  inaccurate  to  record.  However,  between  0.08  ampere  and 
0.32  ampere  the  rate  of  development  seemed  less  than  the  2.5  power 
6f  the  current.  An  alloy  of  thallium  and  copper,  containing  1.4 
per  cent  of  thallium,  was  tried.  This  was  similar  to  the  recorded 
line  X  5378  in  cadmium  but  considerable  brighter.'  But  at  about 
.1  ampere  the  samples  melted,  rapidly  oxidized,  and  -the  line  fell 
off  to  about  one-tenth  its  original  intensity.  With  this  scarcely 
complete  analysis,  it  was  concluded  that  the  character  of  X  5378  had 
been  properly  established  in  the  investigation  of  cadmium,  although 
the  identity  of  the  substance  was  wrong.  With  the  alloy  as  negative 
pole,  an  exposure  of  the  middle  of  the  arc  at  .08  ampere,  100  times 
as  long  as  the  foregoing  negative  pole  exposure  brings  out  the  lines 
2S2J  2>di,  sdi,  sdi,  2)^2,  and  the  first-stage  copper  lines  XX  3247,  3274. 

From  this  analysis,  these  lines  are  assigned  to  Stage  I.  They 
belong  to  the  earliest  ring  types  immediately  following  the  reso- 
nance position  and  apparently  cannot  be  separated  from  it  in  the 
self-sustaining  arc.  The  remainder  of  the  lines  have  the  Stage  II 
characteristics.  They  fall  off  rapidly  in  intensity  as  required,  and 
increase  more  rapidly  after  being  once  established,  than  X  3776. 
But  the  separation  here,  as  with  the  photographic  procedure  in 
general,  is  not  as  sharp  as  observed  in  Parts  I  and  II,  and  probably 
for  reasons  assigned  in  magnesium.  No  members  of  the  principal 
series  of  doublets  were  observed.  The  first  one  to  come  into  view 
would  be  4^2. 

Table  IV  gives  a  list  of  the  lines  observed  in  the  spectrograms. 
The  lines  observed  belong  to  the  sharp  series,  s,  and  diffuse  series,  d. 
The  quantum  values  of  the  lines  are  shown  by  n  and  the  sequence  in 
the  members  by  a.  There  are  16  other  lines  or  incipient  band- 
heads,  none  of  which  identify  with  known  arc  or  spark  lines.     If 

'  This  thallium  green  line  X  5350  in  the  small  spectroscope  seemed  to  occupy-  about 
the  same  position  as  a  line  designated  as  cadmium  X  5378  Part  II,  page  249  ff.  This 
line  in  cadmium  had  been  taken  for  granted  from  the  descriptions  in  spectroscopic 
tables.  Measurements  showed  that  the  line  in  both  cases  was  X  5350  and  that  the 
line  X  377Q  in  cadmium  was  also  an  impurity  of  thallium  and  was  the  line  X  3776. 
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the  intensity  of  X  5350  in  the  visible  spectrum  were  comparable, 
these  lines  show  an  intensity  difference  of  over  three  thousand  fold. 
All  these  lines  did  not  appear  at  the  lowest  current.  For  example, 
when  X  3776  is  overexposed  one  thousand  fold  at  .04  ampere  the 
negative  pole  line  5.55  has  not  appeared.  Let  us  assume  that  the 
rate  of  development  is  proportional  to  the  t,.^  power  of  the  current, 
then  at  .16  ampere  an  exposure  ten  times  as  long  as  the  first  exposure 
of  X3776  is  equivalent  to  the  one  thousand  fold  overexposure. 
When  such  an  exposure  is  made  at  .16  ampere  both  5.55  and  1.55 

TABLE  IV 

Thallium 


Sharp  Series,  s.  Doublets        Intensity 


XX 

535° 
3776 

3230 
2580 
2826 
2316 
2666 

2585 
2538 


2 

I 

3000 
600 

2 

I 

2 

50 
25 

I 

I 

2 

15 

I 

2 

2 

I 

I 

Diffuse  Series,  d 


XX 
3529 
3519 
2768 
2921 
2918 
2380 
2711 
2709 

2609 


Intensity 


400 
400 

150 

20 

20 

I- 

3 

3 


appear.  Hence,  even  if  these  lines  were  not  absent  at  the  lower 
current  they  have  at  least  developed  more  rapidly  than  the  ;^.7, 
power  of  the  current.  The  continuation  of  this  line  of  analysis 
shows  that  X  3776  is  developing  less  rapidly  than  the  third  power  of 
the  current.  If  we  compare  the  later  with  the  earlier  current  we 
find  that  the  line  must  be  similar  to  X  5461  of  mercury,  which  exter- 
polated  would  give  a  large  intercept  upon  the  ordinate  axis  at  zero 
current.  The  ratio  of  pole  to  middle  arc  is  low  for  the  lines  2.5^2, 
3.551,  2>di,  3(^1,  and  3(^2.  Unfortunately  the  record  in  the  middle  of 
the  arc  is  not  complete.  For  X  5350  in  the  visible  spectrum  at 
.32  ampere  the  ratio  of  pole  to  middle  is  less  than  five. 
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MAGNESIUM 

A  brief  discussion  of  this  substance  has  already  been  given.^ 
It  was  therein  recorded  that  the  resonance  Hne  X4571,  Type 
i.$S—2p2,  is  a  result  of  "spraying  and  flaming"  process,  and  that 
it  does  not  belong  in  the  arc  process  of  the  self-sustaining  arc, 
while  X  2852,  Type  1.SS  —  2P  was  found  to  be  the  leading  line.  It 
was  not  obtained  entirely -alone  even  in  the  middle  of  the  arc.  A 
group  of  companion  lines  seemed  to  accompany  it  upon  the  violet 
side.  To  make  more  than  a  guess  at  the  identity  of  these  lines,  it 
was  necessary  to  make  use  of  a  larger  dispersion  quartz  spectrograph. 
The  University  of  Minnesota  kindly  loaned  an  instrument  which 
made  possible  the  completion  of  the  analyses  herein  recorded. 

The  previous  study  of  magnesium  was  made  with  salts  of 
magnesium  upon  carbon.  The  substitution  of  the  metal  in  air  gave 
nothing  different,  the  substance  rapidly  oxidized  and  flaming  was 
liable  to  ensue.  In  the  present  experiments  the  arc  of  the  metal 
was  studied  in  nitrogen  and  hydrogen  under  various  pressures  and 
in  mixtures  of  these  gases.  This  method  did  not  make  it  possible 
to  reduce  the  arc  to  the  point  where  the  leading  lines,  hereafter 
mentioned,  did  not  appear  along  with  the  resonance  line  X  2852. 
Whether  even  the  middle  of  the  arc  was  free  from  the  last  trace  of 
these  lines  at  the  lowest  current  seemed  doubtful. 

Table  V  gives  a  record  of  these  lines  at  .16  ampere.  To  bring 
out  comparative  densities,  the  exposures  in  the  middle  of  the  arc 
were  made  twenty  and  sixty  times  as  long  in  nitrogen  and  hydrogen, 
respectively.  Photographs  were  taken  down  to  .03  ampere  where 
the  variations  were  larger,  due  to  the  irregularity  in  the  position 
of  the  minute  negative  pole.  Here,  too,  the  continuous  and  band 
spectra  are  troublesome  in  the  long  exposures.  In  the  middle  of 
the  arc  the  changes  are  more  pronounced.  Lastly  there  is  given  in 
Table  V,  for  the  purpose  of  comparison,  a  partial  hst  of  observa- 
tions taken  by  Foote,  Meggers,  and  Mohler  for  three  characteristic 
potentials  in  the  "separately  excited"  vacuum  arc.^    To  be  complete, 

^  Astrophysical  Journal,  54,  215,  1921.     In  the  eleventh  line  from  the  bottom. 
of  page  215,  the  expression  "this  line"  refers  to  X  4571  not  to  X  5183. 
^  Philosophical  Magazine,  42,  1006,  iq2i. 
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there  should  be  a  polar  column  for  hydrogen  also.  The  effect  of  the 
substitution  of  hydrogen  for  nitrogen  is  to  increase  the  intensities 
of  all  lines  at  the  poles,  which  is  just  the  opposite  of  the  effect  of 
the  substitution  in  the  middle  of  the  arc.     Also,  the  lines  which 


TABLE  V 

Intensity 

Intensity  by  F.  M.,  and  M. 

XX 

Negative 
Pole 

Middle 
X20 

Middle 
X60 

20K 

loF 

7F 

Type 

0 
200 
160 

86 
60 
50 
30 

25 
20 
30 

25 

20 

15 
12 

20 
50 

7 

10 

10 
10 
12 

12 

4 
6 
6 
6 

8 

9 

6 

10 

10 

8 

4 

5 
4 
4 

5 

I 

IS 
10 

4 
40 

15 

50 

8 

10 
8 

9 
10 

10 

I 

I 

5 

I 

5 

10 
I  — 

I  — 

lS-2p, 

2852 

150 
70 

50 

30 

25 
25 
20 

4 
5 
4 
3 
0 
6 

120 
50 

30 
8 
6 

12 

10 

I 
I 
I 
I 
0 
2 

2P 

ri8^       

i-S'Si 

72\ 

/   1-552 

1   1-553 

2/'*. 

67/ 

2803 

270^ 

2/'*i 

^8^8     

3^1 

32\ 

f  3d2 
\  3d, 
3d*, 

29/ 
2708 

3d\ 

2.55*2 

20       

2.55*, 

46* 

■20Q7 

9 

7 

9 

10 

S 

4 
5 
4 
4 
5 
0 

10 
9 
S 

30 

I 

4J1 

4^2 

01 

I 
12 

10 

10 
8 
6 
6 
4 
4 
2 
2 

2 

I 

5 
3 

3 

4 
3 
3 
3 
2 

4 
2 

1-3 

2 

I 

2 

I 

I 

2 
I 

I 

I 
I 
2 
2 
0 

0 

I 

4dj 

■2^^7       

2.5^1 

3^ 

/    2.5^2 
\    2.55j 

3oJ- 

82       

81  

4-5-s 

78 

4-  55 

77         

4-5-s 

Ct;28 

4-0 

470^ 

5-0 

20A2 

3.55, 

38} 

/  3-5-S2 

1  3-553 

6D 

37[ 
A2<;i   

decrease  the  most  in  the  middle  of  the  arc,  are  the  ones  which 
increase  the  most  at  the  poles.  For  example,  at  the  negative  pole 
in  hydrogen  the  intensities  of  the  lines  X  2803,  X  2798,  X  2936, and 
X  4481  which  are  first  terms  of  four  series,  theoretically  belonging  to 
the  excitation  of  the  positive  nucleus  are  about  in  the  ratio  5,  4, 
4,  3 ;  whereas,  as  will  be  seen  from  Table  V,  their  respective  ratios 
in  nitrogen  are  about  12,  4,  5,  3.     This  means  an  "enhancement" 
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of  the  three  later  lines  in  hydrogen  with  respect  to  X  2802.     Visually 

the  "enhancement''  of  X4481  seems  nearer  tenfold  than  2.4  fold, 

which  would  "be  no  contradiction  if  there  is  an  enhancement  in 

X  2802  of  fourfold.     However,  it  did  not  appear  that  the  line  X  2802 

was  more  than  doubled  for  a  common  current  upon  passing  from 

nitrogen  to  hydrogen.     Although  the  polar  spectrum  in  hydrogen 

is  stronger  than  in  the  nitrogen,  there  are  no  extra  lines  brought 

out  until  a  current  of  .22  ampere  is  reached,  when  the  doublet  X  3104, 

type  s^*  appears.     The  same  doublet  has  not  yet  appeared  in  a 

nitrogen  atmosphere  at  .32  ampere.     (Owing  to  the  heat  developed 

in  hydrogen,  the  form  of  the  apparatus  would  not  permit  the  use 

of  more  than  .22  ampere.) 

In  Table  V  the  negative  pole  lines  are  given  in  the  order  of  the 

relative  intensities  of  the  respective  types.     It  is  seen  at  a  glance 

that  the  order  is  quite  different  in  the  vacuum  arc  data  by  Foote, 

Meggers,  and  Mohler.     This  is  all  brought  about  by  reason  of  the 

fact  that  the  intensities  in  the  self-sustaining  arc  drop  off  very 

rapidly  as  one  passes  from  the  inner  toward  the  outer  Bohr  rings, 

whereas  by  virtue  of  the  freedom  of  motion  in  the  vacuum  arc  there 

is  less  restraint  upon  the  outer  rings.     This  may  be  made  clearer  by 

the  graph,  Figure  3.     The  following  brief  explanation  of  this  graph 

is  adequate.     Taking  the  equation  for  the  limiting  frequency  in  the 

Bohr-Sommerfeld  theory, 

N  N  N 

-=K,        ,  ,  =A. 


{i+ky     '      (1.5+^)^     •      {2+py     ' 

etc.,  the  values 

1.5+S,  2-\-p,         3+fi?, 

etc.,  are  computed.     These  values  are  then  plotted  as  ordinates  for 

arbitrary  lateral  displacements  of  s,  p,  d,  etc.     Then  the  value  unity, 

or  one  quantum,  is  added  in  succession  to  represent  the  successive 

orbital  positions.     For  lines  which  represent  a  recovery  from  the 

second  ionization,  we  have  for  limiting  frequency' 

4N  N 


(1.5+5*)^     /i.5+^ 


=  A- 


'  Sommerfeld,  Alomhau  mid  Spectrallinien  (3d  ed.),  pp.  273-276,  457. 
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I  1^  -4-5* 
Here  the  value  -^ is  computed.     When  one  quantum  is  added 

2 

to  the  numerator  of  this  value  it  increases  the  graph  step  by  one- 
half  as  much  as  in  the  case  of  the  first  ionization.  The  lines  appear 
twice  as  frequently.  The  square  of  the  distance  from  any  position  to 
the  axis  of  abscissae  is  proportional  to  the  radius  of  the  electron  orbit 
for  that  position  (this  is  rigid  only  for  the  inner  circular  orbits).  A 
conspicuous  difference  in  the  two  types  of  arcs  is  the  outer  extension 
of  their  respective  ring  systems.  The  spectral  lines  are  represented 
by  diagonals  running  downward  from  an  upper  to  a  lower  ring.^ 
The  types  of  the  lines  (see  last  column,  Table  V)  are  designated  by 
the  upper  limit  only,  unless  this  designation  would  introduce  con- 
fusion, as  in  case  the  line  belongs  to  mixed  type.^  The  full  diagonal 
lines  represent  the  types  observed  in  these  experiments.  The  dotted 
lines  correspond  to  lines  observed  by  Foote,  Meggers,  and  Mohler. 
The  numbers  at  the  tops  of  the  columns  represent  the  quantum 
limits  observed  by  the  latter  observers.  The  outer  limits  in  the 
two  types  of  arcs  is  very  striking.  The  contrast  is  even  larger  when 
it  is  considered  that  the  earlier  types  of  lines  in  the  self-sustaining 
arc  are  stronger  than  in  the  "separately  excited  vacuum  arc."  An 
effect  of  pressure  or  difference  in  the  separation  of  the  molecules  of 
the  gaseous  medium  suggests  itself  at  once  as  a  restraining  force. 
But  if  this  were  a  sufficient  explanation,  the  ring  limits  in  the  second 
ionization  lines  would  be  just  as  extended  as  they  are  in  the  first 
ionization  process.  The  other  factor  which  enters  in  the  "field 
state"  is  the  temperature.  The  first  duty  of  a  self-sustaining  arc 
light  is  to  establish  a  working  temperature;  and  very  evidently, 
from  what  has  proceeded,  the  temperature  variations  in  the  low 
current  arc  are  very  great.  However,  even  the  polar  tip  is  only  hot 
enough  to  excite  the  first  rings  of  the  second  ionization  type.  It  is 
seen  that  these  rings  are  essentially  no  farther  from  the  atom  than 
the  first  rings  of  the  first  ionization  type.     It  is  also  doubtful  whether 

'  Sommerfeld,  ibid.,  p.  432. 

*  Absorption  lines  would  be  designated  by  the  lines  running  in  the  inverse  order. 
The  upper  position,  a  condition  of  ionization,  is  the  field  state  before  the  beginning  of 
radiation.  The  lower  position  is  the  state  of  the  field  such  that  the  absorption  spectra 
may  be  produced.  It  represents  the  neutral  atom  for  the  first  ionization  lines,  and  a 
simple  ionization  atom  for  the  double  ionization  group. 
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the  temperature  is  ever  so  low  in  the  self-sustaining  arc,  that  both 
electrons  in  this  and  other  bival^At  metals  do  not  become  excited 
at  the  polar  tip.  In  the  middle  of  the  arc,  particularly  with  hydro- 
gen gas,  we  approach  a  condition  which  is  free  from  the  second 
ionization  group  of  lines.  We  see  this  readily  if  we  are  free  to 
assign  a  resonance  to  the  second  group  lines  X  2803,  X  2796,  and 
allow  a  small  reflection  in  the  middle  of  arc  of  polarized  light  coming 
from  the  poles.  We  also  see  that  in  the  middle  of  the  arc  the  first 
ionization  lines  are  reduced  to  the  limits  of  the  first  ring  types,  p,  d,  s. 
The  2p  triplet  is  just  as  persistent  as  in  zinc  and  cadmium,  and 
the  third  type  more  so.  In  the  middle  only,  then,  is  there  a  true 
separation  of  types,  while  at  the  poles  there  is  no  trace  of  evidence 
that  we  may  build  up  a  one-ionization  spectrum,  and  then  advance 
to  a  hotter  state  and  form  a  second  ionization  spectrum,  or  that  we 
might  designate  the  former  an  ^^ arc  spectrum^'  and  the  latter  a 
^^ spark  spectrum."^ 

The  real  difference  between  polar  and  middle  illumination  is 
greater  than  a  spectrogram  will  show,  because  the  polar  illumination 
wanders  and  does  not  stay  upon  the  slit  but  part  of  the  time. 
The  envelope  which  surrounds  the  polar  light  only  falls  upon  the 
slit,  and  this  envelope  has  the  same  character  as  the  middle  of  the 
arc.  In  the  visible  spectrum,  where  one  may  follow  the  lines  with 
the  eye,  one  may  obtain  a  more  faithful  record  by  making  observa- 
tions only  at  the  instant  the  desired  polar  point  is  upon  the  slit. 
Accordingly,  attention  was  directed  to  two  lines  in  the  visible 
spectrum  which  have  been  the  subject  of  much  contention,  and 
which  have  varying  ratios  in  different  types  of  stars.  These  lines 
are  X4481,  Type  3(/*  — 4^*,  and  line  X4352,  Type  2P-6D.  In 
some  stars  X  4481  is  the  stronger,  in  others  the  weaker  line.  One 
theory  has  been  that  X  4481  is  due  to  a  "hotter"  star.  This  opinion 
is  based  upon  the  "enhancement"  of  the  line  upon  passing  from 

'  It  is  not  advantageous  to  call  things  by  a  name,  and  tacitly  admit  that  the  name 
means  something  else.     Sommerfeld.  op.  clt.,  p.  457. 

Evidence  was  given  in  Part  II  that  polar  illumination  grows  hotter  as  current 
increases,  and  that  the  later  excitations  therein  were  later  ring  formations  of  types 
already  well  defined.  The  "Zone"  concept  of  type  formation  introduced  by  Lenard 
{Annalen  der  Physik,  11,  636,  1903),  has  some  features  in  common  with  the  present 
results  but  its  discussion  would  lead  too  far. 
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the  arc  to  the  spark  discharge.  The  following  examination  con- 
firms this  opinion.  Because  of  the  low  visibility  of  X4352,  the 
writer  has  used  the  next  earlier  line  X4703,  Type  2P  —  ^D.  Since 
X  4481  does  not  appear  in  the  arc  in  air,'  it  was  necessary  to 
use  a  nitrogen  atmosphere.  For  both  lines  the  current  was  varied 
progressively  from  .04  ampere  to  .32  ampere.  (The  latter  only 
could  be  used  for  very  brief  intervals  due  to  the  heating  of  the 
apparatus.)  The  intensities  of  the  lines  were  compared  through 
ray  filters.  As  mentioned  in  Parts  I  and  II,  there  is  a  large  error 
in  this  procedure,  but  one  can  get  a  general  perspective  of  the 
changes,  at  least.  The  growth  of  polar  lines  is  indicated  in  equa- 
tion 2.  The  exponent  x  lies  between  3  and  t,.t,.  Analysis  shows 
that  the  value  of  k,  which  represents  the  intrinsic  brightness  coeffi- 
cient, is  at  least  eight  times  as  large  for  X  4481  as  for  X  4703  at  the 
negative  pole.  Next  let  us  take  the  middle  of  the  arc  and  compare 
the  lines.  Upon  increasing  the  current  from  .04  ampere  to  .12 
ampere,  the  line  X  4703  has  about  the  same  intensity  in  the  middle 
of  the  arc  as  it  had  at  .04  ampere  at  the  pole;  and  three  cubed  is 
twenty-seven,  which  compares  very  favorably  with  the  ratio  of  pole 
to  middle,  twenty -five,  found  in  Table  V.  At  .32  ampere  the  middle 
intensity  of  the  line  X4481  has  not  reached  its  polar  intensity  at 
.04  ampere.  While  at  .24  ampere,  line  X  4481  at  the  middle  of  the 
arc  was  traceable  rather  transiently  and,  even  then,  decidedly 
weaker  than  X  4307  in  the  middle  of  the  arc  at  .12  ampere.  From 
this  we  see  that,  in  the  middle  of  the  arc,  the  order  of  the  intensities 
of  the  lines  is  just  the  reverse  of  that  at  the  negative  pole.  Follow- 
ing Parts  I  and  II  we  may  characterize  X4481  as  a  rigidly  short 
line,  and  X  4703  as  an  easily  long  one.  This  difference  is  explained 
by  saying  X  4703  arises  from  a  first,  and  X  4481  from  a  second,  ioniza- 
tion. The  old  theory  that  X  4481  represents  a  Jiotter  state  is  equally 
valid,  for  this  is  required,  when  energy  magnitudes  are  considered 
in  the  ionization  process.  The  observations  make  it  clear  also  why 
one  may  obtain  such  anomalies  as  the  experiments  by  Hartmann,^ 
wherein  it  was  found  that  the  line  X  4481  increased  in  intensity  as 

'  Some  observers  record  this  line  in  the  air  arc  of  the  metals.     The  writer  has  only 
seen  a  trace  of  it  with  clean  electrodes  and  never  with  an  oxidized  surface. 
^  Hartmann  and  Eberhart,  Astrophysical  Journal,  17,  229,  1903. 
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the  current  decreased.  We  have  noted  above  that  the  line  increases 
at  least  with  the  cube  of  the  current,  and  that  it  is  initially  absent 
at  the  middle  of  the  arc.  Hartmann  operated  with  a  low  voltage 
arc  which  is  necessarily  a  short  one  even  with  large  currents,  and 
which  for  decreasing  currents  becomes  progressively  shorter.  For 
the  lowest  current  Hartmann  could  not  sustain  the  arc,  and  in  order 
to  secure  a  photogram  he  had  to  strike  the  arc  continuously  for  a 
long  period.  In  the  light  of  the  foregoing  experiments,  for  the 
stronger  currents  Hartmann  photographed  the  middle  of  the  arc, 
then  as  the  current  and  arc  length  decreased,  he  progressively  re- 
ceived more  polar  illumination,  and  for  his  weakest  current  his 
spectrogram  was  entirely  a  polar  view  of  the  line. 

It  is  plain,  from  the  foregoing  considerations,  that  lines  develop 
at  different  rates  with  change  in  current,  and  that  there  are  differ- 
ences in  polar  and  middle  illuminations;  and  that  the  "enhancement" 
of  some  lines  is  quite  marked  in  these  changes.  We  see  evidence  for 
stages  in  the  development  represented,  first  by  the  line  X  2852, 
followed  by  the  ionization  types  s,  p,  d;  and  the  latter  closely  fol- 
lowed a  second  resonance  type  of  lines  XX  2803,  2796,  which  are  the 
basic  lines  of  another  ionization.^  Finally,  these  are  closely  fol- 
lowed by  lines  which  represent  a  complete  second  ionization.  The 
whole  is  a  condition  of  affairs  which  overlap  at  the  poles  of  the  arc 
but  which  is  brought  out  by  comparing  the  middle  arc  under  differ- 
ent conditions.  At  the  poles,  in  fact,  when  the  current  is  carried 
down  to  the  very  limit  at  which  the  arc  will  operate,  there  are  lines 
which  theoretically  have  been  assigned  to  both  a  first  and  a  second 
stage  of  ionization.^  The  writer  has  called  attention  to  the  dis- 
continuity in  the  current  when  the  arc  changes  from  the  glow  to  the 
true  arc  discharge.^  This  discontinuity  has  its  origin  in  the  change 
of  polar  ''drop"  which  occurs  upon  the  establishment  of  an  ioniza- 
tion at  the  electrodes.  If  there  be  a  later  stage  or  two  stages  in  the 
ionization  it  is  not  observable.  Since  lines,  which  have  been  desig- 
nated as  representing  two  sequences  in  the  loss  of  electrons  for 
bivalent  elements,  are  traceable  to  the  very  lowest  limits  in  cur- 

'  Sommerfeld,  op.  cit.,  p.  456. 

^  Sommerfeld,  ibid. 

3  Chrisler,  Astrophysical  Journal,  54,  273,  1921. 
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rent  for  the  self-sustaining  arc,  it  is  fair  to  conclude  that  the 
establishment  of  the  arc  always  develops  enough  heat  (or  liberates 
enough  energy)  to  free  both  valence  electrons. 

As  pointed  out  above,  long-sustained  photographic  exposure 
upon  a  shifting  polar  tip  complicates  the  results.  In  the  visible 
spectrum  one  can  make  observations  at  the  instant  the  image  of  the 
pole  is  upon  the  slit  of  the  spectroscope.  To  accomplish  this,  the 
writer  took  up  again  barium,  whose  Pi  line  X  5536,  and  2p2*^ 
X  4554,  and  2/>i*,  X  4934  are  in  the  visible  spectrum.  The  arc  was 
now  operated  in  nitrogen  and  hydrogen  under  varying  pressures. 
As  the  pressure  falls,  the  current  under  which  the  true  arc  will 
operate  increases,  but  at  lower  pressure  the  change  in  the  current 
is  larger  when  the  form  of  the  arc  changes,  and  the  changes  are  more 
frequent.  These  changes  occur  only  when  one  is  operating  near 
the  contact  of  the  glow  and  true  arc  characteristics.'  The  observa- 
tions confirm  the  ■  earlier  record  that  the  last  appearance  of  the 
barium  line  X  5536  is  in  a  broad  band  emitted  by  a  glowing  particle 
which  was  cooling  below  the  limit  of  current  for  the  true  arc,  and 
that  2p2*  always  appeared  at  the  pole  at  the  instant  of  the  leap  from 
glow  to  arc  form  of  discharge.  The  conclusion  that  X  5900  and 
X4525,  Types  2.5^*,  are  later  in  their  formation  was  also  recon- 
firmed. This  latter  type  corresponds  to  X  2936  and  X  2938  of 
magnesium  and  they  are  strictly  short  like  X4481  in  magnesium. 
Hence  it  appears  that  one  may  designate  "extreme  shortness"  in 
lines  as  a  characteristic  of  second  ionization;  and  that  the  long 
features  of  the  fundamental  lines  of  the  excited  positive  nucleus, 
represented  in  barium  by  X  4554  and  X  4934,  and  in  magnesium  by 
X  2803  and  X  2795,  arise  from  a  resonance  of  a  positive  nucleus 
accompanying  the  ionization  spectrum  of  the  atom. 

I  have  called  attention  to  the  "enhancement"  of  the  cadmium 
doublet  X  5379,  X  5339  and  to  the  zinc  doublet  X  4924,  X  4912,  which 
do  not  appear  in  the  air  arc — a  feature  which,  in  so  far  as  the  present 
observations  go,  they  have  in  common  w^ith  the  magnesium  doublet 
X4481.  Since  the  latter  shows  very  conspicuous  enhancement  in 
various  stars,  and  is  the  most  conspicuously  enhanced  line  in  the 
magnesium  arc,  it  was  desirable  to  know  whether  the  cadmium  and 

'  Chrisler,  loc.  cit. 
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zinc  doublets  above  designated  would  appear  in  a  hydrogen  or  a 
nitrogen  atmosphere.  They  were  not  found,  and  probably  repre- 
sent a  '' hotter"  stage  of  excitation  than  X4481.  Hartmann 
obtained  all  of  these  lines  in  an  arc  under  water,  which  he  called 
similar  to  the  arc  in  hydrogen,  and  drew  the  conclusion  that  they 
are  "cold"  lines  and  under  a  subtle  influence  of  hydrogen.  This 
conclusion  appealed  to  Kayser,^  who  says  "dass  hier  von  einer 
erheblichen  Steigerung  der  Tempera tur  nicht  gesprochen  werden 
kann,  dass  alle  Schliisse  auf  Temperatur  aus  dem  Auftreten  der 
Linien  verkehrt  sind."  But  it  is  this  conclusion  which  is  as  com- 
pletely "twisted  about"  {verkehrt),  as  the  arc  is  ''under''  not 
''through"  water.  The  energy  consumption  of  the  arc  is  large, 
the  pole  drop  is  large  and  restricted,  and  therefore  the  polar  illumina- 
tion represents  a  very  hot  condition. 

Brace  Laboratory 

University  of  Nebraska 

March  1923 

'  Cf.  Handbtich  der  Spectroscopie,  5,  710. 


EXCITATION  STAGES  IN  THE  OPEN 
ARC-LIGHT  SPECTRA 

,     PART  IV.    HYDROGEN,  AIR,  WATER-VAPOR,  PRESSURE 
EFFECT,  MIXED  ELECTRODES 

By  B.  E.  MOORE 

ABSTRACT 

The  ejfect  of  the  medium  {hydrogen,  air,  ifater-vapor)  upon  the  spectrum. — If  hydrogen 
is  substituted  for  air  or  nitrogen  the  middle  of  the  arc  is  cooler,  but  it  is  hotter  at  the 
electrodes  because  of  the  increased  polar  drop  of  potential;  and  there  is  a  corresponding 
effect  upon  the  spectra  of  the  electrode  materials.  The  many-lined  spectrum  of  hydro- 
gen is  more  easily  excited  than  the  Balmer  series.  These  lines  have  two  features  in 
common  with  air  bands,  nitrogen  bands,  certain  chloride  bands,  and  a  large  group  of 
water-vapor  lines,  all  of  which  were  examined,  viz.,  they  are  all  easily  excited,  and  they 
form  only  on  the  outside  of  the  hot  polar  discharge.  The  inference  is  that  the  products 
which  produce  these  types  are  dissociated  by  high  heat. 

The  ejfect  upon  the  spectrum  of  pressure  and  of  mixed  electrodes. — Decreased  pressure 
is  accompanied  by  a  decrease  in  temperature  and  results  in  less  contrast  in  the  series 
lines.  The  spectral  lines  appear  first  at  the  negative  pole,  even  when  the  substance 
in  question  is  located  at  the  positive  pole.  A  low-volatilizing  substance  at  the  positive 
pole  increases  the  intensity  of  the  spectrum  in  the  middle  of  the  arc  of  a  higher  volatiliz- 
ing substance  used  as  a  negative  electrode.  This  is  attributed  to  the  vapor  of  the  posi- 
tive pole  which  conserves  the  heat  in  the  middle  of  the  arc  and  raises  the  temperature. 
As  the  vaporized  electrode  material  increases  in  the  arc  it  progressively  suppresses 
the  hydrogen  spectrum.  The  effect  begins  at  a  lower  current  with  an  easily  volatilized 
substance,  e.g.,  cadmium,  than  it  does  with  a  substance  which  volatilizes  at  a  higher 
temperature,  such  as  copper. 

Genttal  conclusion. — The  changes  due  to  pressure  and  temperature  together  with 
the  variations  in  electron  velocity  are  sufficient  to  explain  all  of  the  differences  which 
have  been  noted  in  the  spectra. 

HYDROGEN 

Attention  was  first  directed  to  the  effect  of  the  substitution  of 
hydrogen  for  heavier  gases  upon  the  spectra  of  the  metallic 
electrodes.  Naturally  the  spectra  of  hydrogen,  in  so  far  as  they 
were  present,  could  be  noted  also. 

THE    GENERAL   EFFECT    OF   HYDROGEN 

For  all  electrode  materials  tested,  the  substitution  of  hydrogen 
for  air  or  nitrogen  reduced  the  intensity  of  the  spectra  of  the  metals 
in  the  middle  of  the  arc.  At  the  poles,  the  effect  was  not  always 
uniform.  There  was  always  some  strengthening  of  the  lines  upon 
passing  to  a  hydrogen  atmosphere.  The  change  ought  to  be  con- 
sidered in  the  light  of  the  electrical  behavior  of  the  arc  in  hydrogen. 
The  potential  fall  across  the  arc  is  greatly  increased  when  hydrogen 

104 
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is  substituted  for  air.  The  writer  will  make  use  of  some  unpublished 
observations  by  Mr.  V.  L.  Chrisler  in  this  laboratory,  who  finds 
that  the  principal  part  of  this  important  change  takes  place  at  the 
electrodes.  This  gives  both  greater  electron  velocity  and  greater 
heating  at  the  electrodes.  The  middle  of  the  arc  upon  the  other 
hand  is  not  so  hot.  This  is  not  because  less  energy  is  produced 
there,  but  because  hydrogen  rapidly  conducts  the  heat  away  from 
the  arc  to  the  inclosing  vessel.^  The  greater  velocity  at  the  elec- 
trodes would  bespeak  a  more  extended  pole  effect  as  well  as  a  more 
intense  polar  action.  The  former  is  not  realized.  The  simple 
reason  seems  to  be  that  the  cooler  middle  encroaches  upon  the  poles 
more  than  in  the  heavier  gases.  So  that  in  many  cases  there  is  an 
actual  shrinking  in  the  length  of  the  polar  illumination,  while,  it, 
at  the  same  time,  becomes  brighter.  There  is  not  much  difference, 
for  a  given  current,  in  the  actual  number  of  lines  realized  whether 
air,  nitrogen,  or  hydrogen  is  used,  i.e.,  the  higher  potential  is 
counteracted  by  the  natural  disposition  of  hydrogen  to  carry  the 
heat  away  from  the  arc.  About  the  largest  difference  which  can 
be  realized  has  already  been  indicated  under  magnesium,  Part  III. 
Most  of  the  recent  investigations  upon  spectral  emissions  have 
looked  upon  the  lines  as  the  result  of  electronic  impact,  wherein 
some  definite  potential  is  required  to  impart  a  velocity  to  the 
electrons.  These  investigations  have  been  disposed  to  overlook 
the  "heat  factor"  or  "kinetic  impacts"  in  the  functioning  of  the 
arc.  The  action  of  the  latter  kind  of  motion  is  to  sustain  a  field  of 
vibration,  while  the  special  lines  arise  from  a  particular  type  of  vibra- 
tion in  a  particular  form  of  unit  in  this  field.  As  a  definite  energy 
impact  is  required  to  produce  a  definite  radiation,  one  may  resolve 
the  energy  into  two  components,  viz. :  the  translational  component 
due  to  the  current  flow,  and  the  "heat  factor"  component. 
Naturally,  in  the  self-sustaining  arc,  we  may  then  regard  the  "heat 
factor"  as  the  sum  of  all  translational  impacts  in  the  current 
circuit  which  fall  below  the  magnitude  required  to  produce  radia- 
tion excitations.  Since  most  of  this  energy  passes  from  the  arc  by 
convection  and  from  the  electrodes  by  conduction,  and  since  this 

'  Stark,  Annalen  der  Physik,  18,  213,  1915,  finds  that  heavier  gases  conserve  more 
heat  and  raise  the  temperature  at  constant  pressure  and  constant  current. 
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energy  in  the  field  must  be  kept  at  a  certain  definite  value  to  prevent 
the  arc  from  going  out,  it  follows  that  a  greater  part  of  the  energy 
of  the  arc  is  spent  in  maintaining  this  field  energy.  Hence  the 
greatest  field  energy,  or  highest  temperature,  lies  in  close  proximity 
to  the  electrodes,  while  the  field  energy  in  the  middle  of  the  arc 
depends  upon  the  conserving  power  of  the  gases  and  vapors  which 
may  be  present. 

This  conserving  power  is  the  least  for  hydrogen  of  all  gases,  and 
therefore  the  contrast  between  polar  and  middle  illumination  is  the 
greatest  for  this  gas.  As  the  current  increases  the  electrodes 
volatilize  progressively,  and  for  very  large  currents  one  approaches 
a  condition  where  the  middle  of  the  arc  is  a  vapor  of  the  electrode 
material.  These  vapors  are  heavier  than  the  surrounding  medium, 
they  conserve  more  heat,'  the  temperature  rapidly  rises,  and  the 
spectrum  approaches  its  polar  character. 

We  shall  see  that  the  results  conform  to  the  foregoing  outline 
of  the  eft'ect  of  the  medium  upon  the  spectra.  There  were  two 
spectra  noted,  viz.:  the  Balmer  series  and  the  many-lined  spectrum 
which  is  frequently  designated  as  the  ''second  spectrum."  Three 
different  electrodes  were  used,  cadmium,  zinc,  and  copper.  The 
lines  are  weakest  with  cadmium  and  strongest  with  copper  elec- 
trodes. This  difference  becomes  distinct  as  the  current  increases. 
In  harmony  with  the  foregoing  presentation,  the  explanation  would 
be  that  cadmium  volatilizes  before  copper,  and  begins  to  substitute 
its  vapor  in  the  middle  of  the  arc  for  hydrogen  at  a  lower  current 
than  copper.  Four  lines  of  the  Balmer  series  were  observed,  but 
attention  was  directed  almost  entirely  to  the  red  line,  Ha.  The 
description  will  be  given  for  the  cadmium  electrodes  and  comparisons 
given  with  the  cadmium  red  line  X  6438,  Type  2P  — 3^.^  We  have, 
in  the  neighborhood  of  this  line,  the  Ha  line  and  some  important 
"second  spectrum"  lines.  We  can  best  understand  the  condition 
by  trying  to  visualize  them  by  means  of  Figure  i . 

We  will  start  with  an  extreme  contrast  case,  about  .1  ampere  to 
.12  ampere,  when  the  second  spectrum  lines  have  the  appearance  a, 

'  Stark,  ibid. 

^  In  Part  II  numerical  values  represented  sequences,  here  they  represent  quanta, 
which  is  the  customary  notation. 


EXCITATION  STAGES  IN  ARC-LIGHT  SPECTRA 


107 


I 


the  cadmium  line  the  polar  appearance  h,  and  Ha  the  appearance  c. 
Now  introduce  a  i  per  cent  transmission  filter  and  the  lines  appear 
as  shown  by  a' ,  h' ,  c' ,  respectively.     If  the  current  is  reduced,  a 
takes  the  form  a'  and  c  the  type  c' ,  but  h  disappears.     The  line  a 
persists  the  longest,  although  c  has  the  advantage  of  a  polar  forma- 
tion.    If  one  increases   the  current,  h  and  c  increase  relatively 
and  then  absolutely  as  to  a.     Ultimately  h  passes  c  in  brightness  and 
becomes  a  long  line.     By  this  time  the  a  line  has  nearly  disappeared. 
When  the  cadmium  line  reaches  this  stage  there  begins  a  gradual 
absolute  diminution  of  the  Ha  line.     A  similar  weakening  of  band 
lines  in  the  polar  region  was  recorded  in  Part  I,  Figure  2,  page  206. 
The  explanation  is  the  same.     This  type  of  radiation  does  not  take 
place  in  the  polar  illumination,  but  only  in  the  envelope  surround- 
ing it,  whereas  the  Ha  line  is  excited  in  the  hot  polar  discharge. 
This  indicates  that  hydrogen  is  com- 
pletely dissociated  into  atoms  within 
the  polar  illumination  and  that  the  a 
type  of  radiation  is  a  molecular  dis- 
turbance.    We  must  conclude  then 
that  the  ^^ second  hydrogen  spectrum" 
is  the  first  hydrogen  excitation — a  con- 
clusion which  may  not  be  generally  accepted.     The  hne  X  6438  was 
found  in  Part  II  to  belong  to  Stage  III,  which,  from  its  Type  2P  — 
3D,  is  a  rather  tardy  appearance.     The  line  is  an  early  polar  type, 
but  it  is  not  of  the  rigid  polar  type  represented  by  X  4481  magnesium. 
Type  2)d*—^h*.     The  question  then  arises:  Is  it  a  later  appearing 
tjrpe  than  Ha  as  appears  at  first  glance  from  Figure  i  ?     The  follow- 
ing consideration  makes  this  doubtful.     The  Ha  radiation  begins 
when  the  middle  of  the  arc  is  almost  pure  hydrogen.     The  cadmium 
red  line  is  not  strong  until  very  appreciable  volatilization  of  the 
electrodes  begins.     When  the  heat  is  large  enough  to  carry  a  con- 
siderable amount  of  the  material  into  the  arc  the  line  surpasses  Ha 
in  brightness.     This  is  further  confirmed  by  the  action  of  copper. 
Above  .2  ampere  with  copper  electrodes  the  Ha  line  is  much  brighter 
than  when  cadmium  is  used.     With  the  chamber,  which  has  been 
used,  larger  currents  could  be  obtained  only  for  brief  interv^als,  but 
rater   transient   observations  at   .25  ampere   point   to  a   further 


Fig.  I 
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increase  in  Ha  with  copper  electrodes,  and  to  an  absolute  diminu- 
tion of  the  same  line  with  cadmium  electrodes.  The  writer  is 
rather  forced  to  the  conclusion  that  if  one  is  given  temperatures 
high  enough  to  insure  the  presence  of  both  hydrogen  and  cadmium 
in  the  gaseous  state,  this  third-stage  cadmium  line  is  essentially- 
more  easily  generated  than  the  Ha  line. 

AIR   SPECTRA 

This  subject  has  already  been  noticed  under  band  spectra, 
Part  I,  page  206;  Figure  2  therein  used  doubtless  refers  to  the  char- 
acter of  a  chloride  band.  The  writer  has  not  felt  that  the  disper- 
sion at  hand  afforded  him  a  sufhciently  accurate  means  of  identifying 
these  bands  by  their  wave-lengths.  Their  common  occurrence  for 
different  electrode  materials  leaves  no  doubt  as  to  their  air  origin. 
Instead  of  approaching  the  polar  behavior  of  these  types  as  indi- 
cated by  the  foregoing  figure,  one  may  use  the  photographic  method. 
It  may  be  recalled  that  middle  arc  lines  require  from  ten  to  a  thou- 
sand times  as  long  an  exposure  as  the  same  lines  at  the  negative 
pole.  These  bands  cropped  out  more  in  the  middle  of  the  arc. 
The  question  arose  whether  they  would  be  as  strong  at  the  poles  as 
at  the  middle  of  the  arc,  if  the  exposure  at  the  pole  were  continued 
as  long  as  at  the  middle.  A  test  of  this  kind  showed  that  the  lines 
are  absolutely  much  weaker  in  the  pole  illumination,  and  all  the 
effect  actually  observed  might  be  attributed  to  a  cooler  envelope 
surrounding  the  polar  glow.  There  are  some  bands  which  have 
their  origin  at  the  pole  face;  these  are  very  strong  in  the  glow  arc 
of  copper,  and  they  nearly  disappear  upon  change  to  the  true  arc. 

Nitrogen  contains  nothing  unnoticed  in  air. 

WATER   VAPOR 

In  Part  II,  page  217,  two  lines  XX  3069,  3064  are  recorded  which 
persisted  under  all  conditions.  Professor  A.  Fowler  has  kindly 
suggested  that  these  lines  had  their  origin  in  water-vapor.  This 
conclusion  seemed  very  acceptable,  but  it  was  desirable  to  make 
some  test  of  the  matter.  An  arc  light  of  copper  was  tried  in  atmos- 
phere of  air,  nitrogen,  and  hydrogen.  The  gases  were  passed  over 
phosphorus  pentoxide  and  a  vessel  of  pentoxide  was  placed  in  the 
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arc-light  chamber.  The  lines  were  still  traceable.  Thinking  that 
this  process  had  possibly  not  removed  the  last  trace  of  moisture,  a 
vessel  of  hot  water  was  placed  in  the  chamber  filled  with  nitrogen; 
there  was  now  a  profuse  supply  of  banded  lines  in  this  region.^  The 
electrodes  were  magnesium  and  this  water-vapor  did  not  seem  to 
interfere  with  the  polar  observations  upon  it.  An  overexposure  for 
these  lines  at  the  pole  in  the  saturated  water-vapor  was  not  made 
but  the  lines  appear  in  the  middle  of  the  arc  in  the  foregoing  attempt 
to  analyze  the  bands,  and  they  did  not  come  out  there  upon  over- 
exposure at  the  pole.  Hence  it  must  be  that  water-vapor  dissoci- 
ates in  the  position  of  the  polar  illumination.  This  feature  it  has  in 
common  with  air  bands,  nitrogen  bands,  some  of  the  chloride  bands, 
some  metallic  oxides,  and  the  hydrogen  "second"  spectrum. 

The  so-called  cyanogen  band  head  at  X  3883  was  not  very  dis- 
tinct except  with  carbon  electrodes,  and  no  detinite  results  can  be 
stated  for  it. 

THE   EFFECTS   OF   PRESSURE 

It  has  been  pointed  out  in  Part  II  that  the  Bohr  theory  antici- 
pates more  rings,  and  therefore  more  lines,  in  an  attenuated  gas.^ 
In  Part  III,  Table  V,  one  reason  assigned  for  difference  in  the  rela- 
tive intensities  of  the  writer's  lines  and  those  of  Foote,  ^Meggers, 
and  Mohler  was  the  difference  in  the  attenuation  of  the  gases. 

In  an  attempt  to  reduce  the  pressure  in  the  self-sustaining  arc, 
one  is  confronted  with  the  fact  that  the  discharge  passes  from  the 
arc  to  the  glow  at  a  larger  current  when  the  pressure  is  reduced. 
With  a  current  of  .  i  ampere  it  was  difficult  to  sustain  the  arc  with  a 
pressure  of  .1  atmosphere.  Therefore,  the  pressures  used  for  com- 
parison were  about  |  and  i  atmosphere.  The  current  was  varied 
from  .1  ampere  to  .32  ampere.  Zinc  and  cadmium  electrodes  in 
nitrogen  were  used.  An  effort  was  made  to  extend  the  principal 
series  triplet,  pi.  This  resulted  in  disappointment.  The  same 
number  of  lines  appeared  in  both  cases.  But  something  else  was 
apparently  happening.  The  leading  member,  2 pi  seemed  brighter 
under  the  higher  pressure.  Hence  some  attention  was  directed  to 
2pi,  cadmium,  and  the  arc  subjected  to  pressures  .1,  i,  and   10 

^Sommerfeld,  op.  cit.,  p.  527. 

^Part  II,  p,  25S,   Philosophical  Magazine,  26,  9,  1913. 
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atmospheres.  An  assistant  adjusted  the  current  at  values  unknown 
to  the  observer,  who  examined  the  lines  through  filters.  The  read- 
ings were  taken  from  .i  ampere  to  .25  ampere.  The  most  uniform 
results  were  obtained  at  .19-.21  ampere.  Here  the  ratio  of  inten- 
sity at  I  to  that  at  yV  atmosphere  was  (6.5=^=  2)  :i.  The  ratio  for 
10  to  I  atmosphere  was  (4=^=  1.2) :  i,  where  1.2  is  the  average  devia- 
tion from  the  mean.  At  lower  pressure,  then,  there  is  less  relative 
variation  in  the  sequence  of  series  terms.  Evidently,  also,  one  must 
reckon  with  the  temperature  differences  when  contemplating  the 
differences  in  lines.^  An  increase  in  temperature  and  a  decrease  in 
pressure  is  the  complete  condition  for  obtaining  a  greater  number  of 
lines.  In  the  a'rc.  a  decreasing  pressure  giv-es  an  opportunity  for 
the  field  to  carry  the  heat  away  more  rapidly  and  hence  it  may 
happen  that  a  decrease  in  temperature  becomes  more  important 
than  a  decrease  in  pressure.  A  great  many  factors  would  have  to 
be  know^n  to  settle  such  a  point.  In  a  strong  gravitational  field  like 
the  sun,  one  may  have  large  fall  (outward  from  the  surface)  in 
pressure  and  a  comparatively  small  temperature  gradient,  such  a 
condition  might  bring  about  such  anomalies  as  a  dominant  "colder" 
inner  line  and  a  dominant  "hotter"  outer  or  high  altitude  line. 
Thus  calcium  X4227,  resonance  type,  nucleus  Ca,  predominates  at 
low  solar  levels,  while  calcium  X  3968  and  X3g33,  second  electron 
resonance  type  2pi,  nucleus  Ca+,  predominates  at  higher  altitudes, 
although  at  constant  pressure  it  would  require  a  higher  temperature 
than  the  former  line.^ 

MIXED   ELECTRODES 

The  potential  (and  current)  at  which  the  change  from  glow  to 
true  arc  occurs,  increased  roughly  as  the  volatility  of  the  electrode 
material  decreases,  and  the  spectral  lines,  in  so  far  as  noted,  appear 
first  at  the  negative  electrode.^  Where  then,  would  the  lines  of  a 
low  boiling-point  metal  first  appear  if  the  substance  were  used  as 
positive  pole  and  some  less  volatile  substance  were  used  as  negative 
pole?  To  answer  this  question,  cadmium  and  zinc  were  tried  as 
lower  positive  and  copper  as  upper  negative  electrode.''    A  glow 

'  Saha,  Philosophical  Magazine,  40,  478,  809,  1920;   41,  267,  1921. 

^Part  II,  p.  271. 

3  V.  L.  Chrisler. 

^  To  reverse  the  electrodes  does  not  change  the  result. 
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current  with  copper  electrode  can  be  maintained  at  much  larger 
currents  and  for  a  longer  time  than  with  cadmium  electrodes.  With 
a  copper-cadmium  combination  the  copper  will  in  due  time  become 
tarnished  with  the  other  metal.  When  the  discharge  passes  more 
readily  to  the  true  arc  form,  such  a  tarnishing  is  sure  to  take  place 
in  time.  But  this  is  rather  immaterial,  as  some  of  the  lines  of 
cadmium  and  zinc  may  be  seen  upon  the  first  flare  which  accom- 
panies the  change  in  form  of  the  arc.  These  Hnes  appear  at  the 
copper  instead  of  at  the  cadmium  or  zinc  electrode.  Next,  copper 
was  used-  as  a  positive  lower  electrode  and  platinum  as  a  negative. 
Attention  was  directed  to  the  copper  line  X  5105.  It  appears  first 
at  the  platinum  electrode.  Then  a  photograph  of  the  spectrum 
was  taken  at  the  negative  electrode.  This  reveals  the  copper- 
leading  doublet  and  no  line  which  could  be  attributed  to  platinum. 
Of  course,  tarnish  might  be  eft'ective  here. 

The  atoms  had  crossed  the  electron  field  with  no  impact  strong 
enough  to  cause  an  excitation  until  they  came  within  the  negative 
pole  drop. 

An  attempt  was  made  to  find  the  copper  doublet  within  the 
glow  discharge.  This  pair  is  about  the  most  favorable  for  this 
purpose.  Copper  was  used  for  both  electrodes  and  the  chamber 
filled  with  nitrogen.  This  glow  discharge  may  be  described  as  a 
positive  column  which  terminates  in  a  minute  Faraday  dark  space, 
near  the  negative  electrode.  Over  the  latter  is  a  violet  film,  which 
yields  bands.  The  positive  column  shows  brightest  adjacent  to 
this  dark  space.  A  long  exposure  shows  the  copper  doublet  very 
weakly  and  the  bands  very  brilliantly.  The  copper  lines  are  lower, 
which  shows  that  their  position  was  in  the  head  of  the  positive 
column  and  not  in  the  band  region.  If  there  had  been  occasional 
minute  true  arc  discharges  the  result  would  have  been  the  same. 
So  that  there  is  no  conclusive  evidence  that  resonance  excitation 
ever  occurs  in  the  glow  arc. 

Next,  attention  was  directed  to  the  effect  of  low  volatile  materials 
upon  higher  volatile  ones.  The  introduction  of  materials  in  this 
way  lowers  the  potential  fall  across  the  arc  somewhat,  but  increases 
the  intensities  of  lines  instead  of  decreasing  them.  Let  us  take  as 
an  example  the  iron  arc.     At  .1  ampere  some  lines  are  distinct  but 
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not  strong  in  the  negative  (upper)  discharge.  There  are  no  lines 
beyond  this  polar  region,  which  is  suspended  from  the  electrode 
like  a  drop.  If  we  now  substitute  for  the  lower  positive  electrode 
lead,  cadmium,  magnesium,  or  mercury,  a  threadlike  discharge 
comes  from  the  tip  of  the  positive  electrode,  and  drives  into  the 
negative  drop,  making  it  heart-shaped  upon  the  bottom.  In  this 
threadlike  column  there  may  now  be  found  numerous  iron  lines, 
although  the  current  is  regulated  to  the  same  value  as  before. 

This  result  would  follow  directly  from  an  increase  in  temper- 
ature due  to  the  conservation  of  heat  upon  the  substitution  of 
heavier  vapors  for  nitrogen. 

Brace  Laboratory 
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ON  THE  RADIATION  AND  TEMPERATURE  OF 
THE  EXTERNAL  PHOTOSPHERIC  LAYERS 

By  RAGNAR  LUNDBLAD 

ABSTRACT 

Radiation,  tempcralurc,  and  optical  properties  of  the  photos  phericlayers  of  the  sun. — 
Starting  from  the  observations  on  the  distribution  of  the  energy  over  the  sun's 
disk,  the  optical  properties  of  the  photospheric  layers  and  the  state  of  radiation 
within  them  are  examined  as  closely  as  possible  with  a  minimum  of  a  priori  assump- 
tions. This  is  accomplished  by  a  new  method  of  inverting  the  integral  equations  of 
the  problem.  The  solution  develops  two  functions  which  can  be  said  to  express  the 
amount  of  radiation  converging  toward  and  diverging  from  an  element  of  any  layer. 
From  these  can  be  computed  the  intensity  of  radiation  of  each  separate  wave-length  at 
any  depth  and  in  any  direction,  and  the  conditions  for  radiative  equilibrium;  and  in 
addition  the  temperature  and  extinction  coefficients  of  each  layer  for  each  wave- 
length. From  these  theoretical  results  it  is  found  that  the  outermost  layers  of  the 
sun  have  an  absolute  temperature  of  4500°,  and  that  the  temperature  increases  with  the 
depth.  Only  a  small  fraction  of  the  radiation  reaches  the  limit  of  the  atmosphere  from 
the  layer  at  which  the  temperature  is  7500°  K,  and  in  this  radiation  there  is  a  maximum 
at  X=o.48  ^l.  at  which  point  11.5  per  cent  of  the  radiation  emitted  straight  outward 
reaches  the  outer  atmosphere.  The  extinction-coefficicntis  very  large  in  the  extreme 
ultra-violet.  It  has  a  minimum  at  wave-length  X  =  o.48  n  and  a  maximum  at  about 
X  =  o.95  (U.  A  superior  limit  of  the  ratio  of  scattering  to  real  absorption  is  assigned. 
The  scattering  is  entirely  negligible  within  the  infra-red  and  visible  regions. 

By  the  well-known  investigations  of  Schuster/  Schwarzschild,^ 
and  Emden^  the  theory  of  the  transport  of  radiant  energy  through 
an  atmosphere  has  obtained  its  solid  foundation.  Several  authors 
have  afterward  dealt  with  the  same  subject,  especially  in  its  applica- 
tion on  the  solar  envelope.  Some  ''  of  them  assume  real  absorption 
and  radiative  equilibrium,  others^  consider  the  scattering  the  most 
prominent  and  conclusive  feature  of  the  optics  of  the  solar  atmos- 
phere.    Common  to  all  of  them  is  the  course  of  the  investigation, 

'  A.  Schuster,  Astrophysical  Journal,  21,  i,  1905. 

*  K.  Schwarzschild,  Nachrichten  v.d.  Gesellschaft  d.  Wiss.  zu  Gottingen,  Math.- 
phys.  Kl.,  p.  41,  1906;  Sitz.-berichle  d.  Preuss.  Akad.  d.  Wiss.,  p.  1183,  1914. 

3  R.  Emden,  Sitz.-berichte  d.  Bayer  Akad.  d.  Wiss.,  Math.-phys.  KL,  p.  55,  19 13. 

••E.  Opik,  Astronomische  Nachrichten,  198,48,  1914;  B.  Lindblad,  Diss.  Upsala, 
1920;  E.  A.  Milne,  Monthly  Notices,  81,  361,  375,  1921. 

5  A.  Defant,  Sitz.-berichte  d.  Akad.  d.  Wiss.  in  Wien,  Math.-phys.  KL,  Abt.  Ila, 
125,  514,  1916;  J.  Spijkerboer,  Arch.  Neerl.  (IIIA),  5,  i,  1918;  P.  H.  van  Cittert, 
Proc.  Amsterdam,  22,  73,  1919;  H.  Groot,  Proc.  Amsterdam,  22,  89,  1919;  Physica, 
I,  7,  49,  1921. 
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starting  with  some  assumption  and  then  deducing  the  intensity 
distribution  of  the  sun's  disk;  if  the  constants  of  the  problem  are  dis- 
posed of  in  a  convenient  manner,  the  calculated  distribution  can  be 
made  to  suit  the  observations  rather  well  in  several  cases. 
,  The  disposition  of  this  paper  is  the  converse  one.  Making  no 
assumptions  as  to  the  thermal  equilibrium  or  the  amount  of  scatter- 
ing and  real  absorption  we  proceed  from  the  observations  on  the 
intensity  distribution  over  the  sun's  disk,  computing  two  functions, 
which  are  characteristic  of  the  radiative  state  of  the  various  layers; 
then  the  intensity  of  radiation  of  each  specified  wave-length  at  each 
specified  layer  and  in  each  specified  direction,  the  temperature,  and 
the  coefficients  of  extinction  of  each  layer  are  readily  obtained;  and 
it  proves  possible  to  assign  limits  of  the  coefficients  of  absorption 
and  scattering  separately.  Ultimately,  we  shall  see  that  the  condi- 
tions of  radiative  equilibrium  are  satisfied. 

I.       THE    MATHEMATICAL   LAWS    OF    THE    INTENSITY    OF    RADIA- 
TION  TRAVELING   THROUGH   AN    ABSORBING,    SCATTERING, 
AND   RADIATING   ATMOSPHERE 

In  the  sequel  we  shall  assume  that  the  sun  is  a  great  sphere, 
composed  of  concentric  layers  of  radiating,  absorbing,  and  scattering 
matter;  the  temperature  of  each  layer  and  its  coefficients  of  absorp- 
tion and  scattering  for  every  wave-length  X  being  functions  of  the 
distance  r  from  the  center  of  the  solar  globe,  and  of  this  distance 
alone. 

In  the  first  place,  we  have  to  formulate  the  equation  of  the  inten- 
sity change  of  a  beam  during  its  passage  through  an  infinitesimal 
layer.  We  specify  the  direction  of  the  beam  by  the  cosine  of  the 
angle  ^  between  the  beam  and  the  outward  normal  to  the  layer,  the 
quantity  ^  =  cos  f  eA'idently  being  positive  or  negative  according  as 
the  beam  is  running  outward  or  inward.  From  reasons  of  sym- 
metry we  conclude  that  the  intensity  of  the  radiation  of  the  wave- 
length X  must  be  a  function  of  the  two  variables  r  and  ^  only. 
Call  this  function  J-^{r,  ^),  and  let  axW  and  /SxW  denote  the  absorp- 
tion and  scattering  coefficients  of  the  layer,  and  E^  (r)  the  emissive 
power  of  an  absolutely  black  body  at  the  temperature  prevaiUng 
in  the  layer. 
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According  to  well-known  theoretical  considerations  the  radia- 
tion round  a  scattering  element  would  be  partially  polarized  and 
more  or  less  irregularly  distributed.  If  the  radiating  layers  of  the 
sun  were  constituted  like  the  earth's  atmosphere  we,  of  course, 
should  have  to  pay  regard  to  these  results.  The  entire  lack  of 
polarization  of  the  sunlight  proves,  however,  that  the  analogy  does 
not  hold;  the  scattered  radiation  seems  in  fact  more  likely  to  be 
equally,  or  at  least  approximately  equally,  distributed  over  all 
directions,  if  it  is  of  any  account  at  all.  Since  every  element  of 
the  photosphere  is  the  convergency  point  of  an  infinitude  of  beams 
running  from  all  directions  and  fairly  equally  distributed  over  at 
least  one  hemisphere,  there  is  at  all  events  no  risk  in  assuming  that 
the  scattering  works  equally  in  all  directions. 

Then  the  energy  balance  of  the  beam  is  given  by  the  equation 

dr 
dMr,  ^)  =  -[ax(r)  +  /3x(r)]/x(r,  ^)^  +  [ax(r)  •  £x(0 

-t-/3xW  •  Gx(r)]~  ,     (i) 
where  the  ''collustrivity"  function 

Gx W  =1  J  Mr,  cos  f)  sin  f  Jf  =  H      Vx(r,  ^)d^  (2) 

expresses  the  average  intensity  of  the  radiation  converging  toward 
an  element  of  the  layer  from  all  directions.  The  left-hand  side  of 
the  equation  (i)  signifies  the  total  energy  gain  of  the  beam  during 
its  transit  through  the  layer;  the  first  term  to  the  right  stands  for 
the  attenuation  by  absorption  and  scattering,  and  the  second  term 
for  the  increase  of  intensity  by  emission  and  scattering.  The  equa- 
tion holds  for  the  radiation  inward  (^  <o)  as  well  as  for  the  radiation 
outward  (^>o). 

Strictly  speaking,  the  quantity  ^  is  a  function  of  r,  because  the 
angle  of  incidence  against  the  successive  layers  slowly  varies  as  the 
beam  traverses  distances  which  cannot  be  neglected  in  comparison 
with  the  radius  of  the  sun.     But  since  we  need  not   take  such 
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enormous  distances  into  consideration,  we  are  allowed  to  treat  ^  as 
a  constant. 

Then  the  equation  (i)  can  be  reduced  to  a  linear  differential 
equation  with  constant  coefficients  by  means  of  the  variable  change 

mx=        W{r)+^y^{r)]dr-         Jmx= -[ax(r)+/3x(r)]rfr;  (3) 


-i 


where  R  is  the  radius  of  the  sun.  The  new  variable  Wx,  which  is  a 
function  of  the  wave-length,  is  called  the  optical  mass  with  regard 
to  the  wave-length  X.  It  is  zero  at  the  external  limit  of  the  sun's 
atmosphere  and  increases  inward.  /,  E,  and  G  have  now  to  be 
taken  as  functions  of  m.  In  order  to  avoid  too  complicated  nota- 
tion we  retain  the  old  symbols,  e.g.,  understanding  by  /  {m,  ^)  the 
value  of  /  (r,  $)  at  the  layer  whose  centri  distance  r  corresponds  to 
m  by  (3) .     The  differential  equation  is  found  to  be 

where  H  denotes  the  function 

Hx{m)= — ~p^  (5) 

a-\-p 

which  we  shall  call  the  "emissivity"  function  of  the  layer  m.  In 
(4)  m  is  the  independent  and  /  the  dependent  variable;  ^  is  a  con- 
stant parameter  and  H  a  function  of  m.  H,  J,  and  m  are  alto- 
gether functions  of  X. 

The  two  functions  G  and  H  now  introduced  are  the  very  func- 
tions ruling  the  optical  behavior  of  the  medium. 

On  integrating  (4)  we  obtain 

J(m,^)=J(fx,^)e  i    -ei        "^  e   ^dm ,  (6) 

where  jx  is  an  arbitrary  constant. 
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According  to  the  direction  of  the  beam  we  dispose  of  ^t  in  a 
different  way.  If  $>o  (outward  radiation),  we  put  yu=oo  and 
obtain  the  equation 

J{m,^)=e^\      ?^e~Jdm;  (7) 


if   ^<o    (inward   radiation),   we  put   iJ.  =  o   and   obtain    (because 
/[o,  ^]  =  o  for  this  radiation) : 


If 


7(w,  ^)  =  -ef|    ^^e~hm.  (8) 


These  are  the  fundamental  laws  of  the  radiation  in  the  photospheric 
layers. 

2.      THE    SOLUTION   OF   THE   INTEGRAL  EQUATIONS 

The  function  /(o,  ^)  may  be  determined  experimentally  by 
measuring  the  intensity  distribution  over  the  sun's  disk.  The 
problem  which  we  are  now  going  to  solve,  to  begin  with  from  a  purely 
theoretical  point  of  view,  is  to  determine  the  functions  H(7Ji)  and 
J(m,  ^)  for  any  values  of  m  and  f ,  the  function  /(o,  ^)  being  known. 

The  solution  is  most  easily  achieved  in  an  indirect  way,  starting 
from  the  converse  problem  to  compute  /(o,  $)  when  H{m)  is  known. 
We  assume  the  function  H  (m)  to  be  an  empirical  function,  tabulated 
or  graphically  represented,  but  unknown  as  to  its  analytical  expres- 
sion. With  a  design  to  found  the  necessary  computations  on  a 
simple  algebraical  expression,  we  begin  with  approximating  H  (m) 
as  a  polynomial  of  the  .Vth  degree 

H{m)=  /    ajm'  .  (9) 

!  =  0 

From  the  physical  sense  of  H  (m)  it  follows  that  H  {m)  is  a  continuous 
function  of  m  with  a  restricted  number  of  maxima  and  minima. 
The  approximation  will,  therefore,  probably  prove  \'ery  good  even 
for  a  relatively  small  .Y  and  will  naturally  grow  better  the  higher  we 
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choose  N.     For  the  theoretical  part  we  need  not  specify  N  at  all. 
Then,  substituting  (9)  mto  (7)  and  (8)  we  obtain    , 


J{m,  k)  =  eT^ai         '^-dm=  ^"^^^{i+kV.a.+.k'  ;       (10) 

N  r*m      .       m  N         .  N —i 

^■^-O  i=o       fj  o  i=o         k=o 


-ei2^klakk';     (11) 


k=o 


where  o!  is  to  denote  i ;  the  terms  are  arranged  according  to  ascend- 
ing powers  of  m. 

From  these  equations  the  radiation  at  the  external  limit  of  the 
solar  atmosphere  is  found  by  putting  m  =  o: 


J{o,^)=y]klake;  (12) 

J(o,0=o.  (13) 

The  latter  equation  expresses  only  that  there  is  no  radiation  toward 
the  sun  from  the  surrounding  universe.  The  function  (12)  is  the 
more  interesting  because  of  its  peculiar  analytical  form. 

In  fact,  if  the  functions  H{m)  and  J{o,  ^)  are  expanded  in  series 
of  m  and  ^,  respectively: 

N 

H{ni)  =  ^^  aim'  ;  (9) 


J(o,^)  =  ^bi^;  (14) 
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the  following  simple  relation  holds  between  the  coefficients  di  and  hi: 

ai=j-^.  (15) 

This  connection  is  the  essential  basis  of  the  method  proposed  in 
this  paper.  It  obviously  implies  the  solution  of  our  original 
problem. 

For,  having  observed  the  intensity  distribution  over  the  sun's 
disk,  we-  know  the  function  7(o,  ^)  empirically.  The  values 
observed  can  always  be  represented  by  means  of  an  expansion  like 
(14).  According  to  a  theorem  due  to  Weierstrass  we  are  able  to 
reduce  the  difference  between  the  function  /  and  the  polynomial 
(14)  below  any  limit  given  in  advance  by  choosing  N  great  enough. 
Having  found  such  a  polynomial,  we  obtain  by  (15) : 

H(m)=y^.\m^;  (16) 

i  =  o 

and  according  to  (10)  and  (11) 

A^  .N-i 

N         .N-i  ^    N 

?\0  j=o  ^=0  k=o 

Finally  the  function  G{m)  can  be  calculated  from  (2),  (17), 
and  (18) : 

•I      i=o  ^=0  tj —i        *=o 

The  first  set  of  terms  can  immediately  be  integrated;  it  gives 

N  N—i 


j=o         ^=0 
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The  second  set  contains  the  intes-rals 


i. 


K{k)=  I     en^d^.        a=o,  I, 


N). 


Making  the  transformation 


u= — r  ;        du  =  yii,  ; 


^  ' 


we  find 


'    .  K{k)  =  (-iYm''+' 


,k+2 


dii 


These  integrals  again  can  be  reduced  on  the  logarithm-integral  by 
the  general  formula 


{-iy{n-i-i)\ 


{n-i)\ 


(- 


u^~'\a      {n— 


i)"~'  r  e-" 

^^1  « 


du 


—  du  =  7 

Consequently 
K{k)^,^  ^  ,,  ]  e-'«V(-i)*-'('^-«)!m^-w*+^  I      —  du  [  .     (21) 

Introducing  (20)  and  (21)  into  (19)  we  obtain  in  conclusion 

N         .N-i       ,    ,         .,  N  N-i      .         ^,,  , 

i  =  o  k=o  i=o         k=o 

+H      —  du-   \    y    ,  )  .     (22) 

We  have  thus  shown  how  to  determine  the  emissivity  function 
H{m),  the  collustrivity  function  G(m),  and  the  intensity  J{jn,  ^)  of 
the  radiation  in  each  specified  direction  and  at  each  specified  layer. 
It  remains  to  show  that  the  solution  obtained  is  unique. 
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Othenvise  there  would  exist  at  least  two  different  functions  H 
and  H*  both  satisfying  the  equation  (7)  in  the  special  case  giving 
the  radiation  outside  the  solar  atmosphere: 


/(o,  ^)=         ^—^H{m)dm=\      ^-^H*(m)dm 


l>o 


CO        m 


^ 


But,  as  we  shall  see,  these  equations  are  inconsistent,  unless  5^  =  fl^"^ 

On  subtracting  the  second  equation  from  the  first,  we  find 


-r 


0=  I      ^(H-H*)dni. 


(23) 


But  according  to  the  theorem  of  Weierstrass  quoted  above  it  is 
always  possible  to  find  two  polynomials 


and 


P{m)=  /   Q{m^ 


'(m)=^ar 


such  as  to  render  each  of  the  differences 

\H{m)-P{m)\ 
\E*{m)-P*{m)\  ■ 


and 


less  than  e/4  for  every  m  within  a  finite  interval  o  ^  m  ^  M,  t  being 
any  positive  quantity  given  in  adA'ance.     Hence 


r 


^—^{P-P*)dm 
Moreover,  by  (23) 


Jm 


CO        m 


,  {H-H*)dm<- 
^  2 


J' 

Jm 


^-^{H-H*)dm 


<\' 
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provided  M  is  taken  sufficiently  great.     Consequently 


J'»Jf       m 


?  I      4 


or  on  integration 


< 


3€ 


f,  („,_,,),  K_.-ft  1(f)' 

Now  in  virtue  of  a  theorem  due  to  Abel  the  module  of  the  series 
never  exceeds  the  quantity 


do 


provided  the  quantities  a;  are  positive  and  decreasing.     The  left- 
hand  side  of  the  inequality  above  is  therefore  less  than 


M 
(l-e-T) 


^iliai-am^ 


M 


but  Mis  a  large  number  and  therefore  e~j  is  certainly  less  than  \; 
and  in  conclusion 


^i\{ai-ar)e 


<€. 


(24) 


A  well-known  theorem  now  states  that  if  a  power  series  is 
identically  zero  within  a  finite  interval,  each  separate  coefficient 
must  be  zero;  hence: 

lim  1  ai—af  |  =  o        .".      lim  P*(m)=lim  P{m) 
e  =  o  iV=oo  iV=oo 
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or  finally 

H*{m)=E{ni) 

which  establishes  the  result  stated  above. 

The  function  H{ni)  and  in  consequence  the  functions  G{m)  and 
J{m,  ^)  can  thus  be  determined  without  ambiguity  by  the  aid  of  the 
method  explained  in  this  paragraph.  Before  pursuing  the  discus- 
sion of  these  functions  in  their  bearings  on  the  optics  of  the  photo- 
sphere we  are,  however,  obhged  to  work  out  the  computations 
numerically. 

3.      NUMERICAL   COMPUTATION   OF   THE   EMISSIVITY  AND 

COLLUSTRIVITY  FUNCTIONS   AND   THE   INTENSITY   OF 

THE  EADIATION 

The  most  complete  set  of  observ'ations  concerning  the  intensity 
distribution  along  the  diameter  of  the  sun's  disk  is  furnished  by  the 
careful  and  laborious  investigations  of  Abbot,  Fowle,  and  Aldrich^ 
of  the  Smithsonian  Institution  at  Mount  Wilson.  Their  researches 
will  be  the  base  of  the  following  computations. 

From  the  point  of  view  of  this  paper  the  principal  desiderata 
as  to  the  observations  are  the  following: 

1 .  The  accuracy  must  be  sufi&ciently  high  to  enable  us  to 
evaluate  a  satisfactory  number  of  coefficients  in  the  expansion 
(14).  The  observations  quoted  admit  of  fixing  the  four  first 
coefl&cients  ^0  to  ^3. 

2 .  The  observations  must  be  continued  to  the  immediate  vicin- 
ity of  the  sun's  limb.  The  Smithsonian  material  only  extends  to 
0.95  of  the  radius  of  the  disk,  corresponding  to  the  interval  i^^ 
^0.3123;  this  fact  necessitates  some  disadvantageous  extra- 
polations. 

3.  The  material  must  be  homogeneous.  There  are  indications 
of  a  slight  variabiKty  of  the  intensity  distribution  from  day  to  day 
and  fromx  year  to  year.  Therefore  each  day  of  observation  ought  to 
be  represented  in  the  mean  for  each  wave-length  and  not  only  in  a 
few  of  the  means.     This  condition  is  not  fulfilled,  the  number  of 

'  C.  G.  Abbot,  F.  E.  Fowle,  and  L.  B.  Aldrich,  Annals  of  the  Astrophysical  Observa- 
tory of  the  Smithsonian  Institution,  3,  157,  1913. 
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observations  being,  e.g.,  for  X  =  0^386  only  three,  but  for  X  =  o'^5oi 
more  than  a  hundred. 

4.  The  wave-length  to  be  observed  must  be  selected  in  a  suitable 
manner  so  that  the  Fraunhofer  lines  intervene  as  little  as  possible: 
for  even  if  the  disturbances  of  the  intensity  distribution  by  the 
lines  perhaps  are  negligible,  owing  to  the  remarkable  constancy  of 
the  contrast  between  the  lines  and  their  spectral  surroundings  all 
over  the  sun's  disk,  the  absolute  amount  of  the  radiation  is  naturally 
affected  by  them. 

In  a  later  publication  of  the  Smithsonian  Institution^  there  are 
to  be  found  some  results  of  more  recent  investigations;  these  seem 
to  be  more  adequate  to  our  requirements.  Although  the  main 
features  of  our  results  most  likely  should  be  unaltered,  I  regret 
that  I  cannot  find  time  to  renew  the  computations  utilizing  these 
observations,  since  they  illustrate  another  part  of  the  sun-spot 
period. 

As  stated  above,  the  calculations  are  to  be  commenced  by  finding 
the  polynomial  approximations.  For  this  purpose  I  have  used  the 
method  of  developing  intermediately  in  series  of  Legendrian  poly- 
nomials.^ The  merit  of  this  method  lies  in  the  fact  that  every 
following  approximation  is  obtained  simply  by  adding  one  term 
without  altering  the  coefficients  of  the  preceding  ones. 

The  coefficients  h  obtained  in  this  manner  are  included  in  Table  I. 
They  are  detenmned  so  as  to  suit  the  graphical  representation  of 
the  function  /(o,  ^)  as  well  as  possible  within  the  interval  0.3  ^  ^^  i. 
(Evidently  we  have  ^  =  1^  i— p^,  where  p  is  the  distance  of  an  ele- 
ment from  the  center  of  the  disk  as  a  fraction  of  the  radius.) 

The  first  line  in  the  table  refers  to  observations  made  by 
Schwarzschild  and  Villiger.^  The  units  are  the  same  as  used  in  the 
original  papers,  the  intensity  at  the  center  being  equated  to  one  for 
each  wave-length  apart.  The  remaining  differences  between  the 
observed  data  and  the  polynomial  (14)  hardly  present  any  system- 
atic features. 

^  C.  G.  Abbot,  F.  E.  Fowle,  and  L.  B.  Aldrich,  Smithsonian  Miscellaneous  ColleC' 
tions,  66,  No.  5,  1916. 

2  H.  V.  Sanden,  Praklischc  Analysis,  p.  113,  Leipzig,  1914. 

3  K.  Schwarzschild  und  W.  Villiger,  Astrophysical  Journal,  23,  284,  iqo6. 
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From  the  data  given  in  Table  I  the  emissivity  function  H{m) 
and  the  collustrivity  function  G{m)  can  immediately  be  found  in 
virtue  of  the  relations  (16)  and  (22).     The  results  are  collected  in 

TABLE  I 

The  Coefficients  of  the  Polynomial  /(o,  |) 


o*'323 
0.386 

0-433 
0.456 
0.481 
0.501 

0-534 
0.604 
0.670 
0.699 
0.866 
1-031 
1.225 

1-655 
2.097 


+0.1269 
+0. 1699 
+0.  2126 
+0.1786 
+0.2192 
+0.2444 
+0.3119 
+0.3288 
+0.3566 
+0.3716 

+0.4563 
+0.5163 
+0.5572 
+0.6491 
+0.6851 


+0.7625 

+0.7553 
+0.  7002 

+0.9939 
+0.9638 
+0.9507 
+0.7694 
+0.9794 
+  1-0359 
+  1-0215 
+0.9499 
+0.8220 
+0.7756 
+0.6726 
+0.6322 


b. 


+0.2109 
+0.  1244 
+0.1903 
— o. 2026 

—  0.2200 
— o. 2610 

—  0.0312 

—  0.4819 

-0.6133 

—0.6146 

-0.6450 

—  0.4984 

-0.4972 
-0.5019 
-0.5139 


—0.1283 
-0.0525 

— o. 1108 
+0.0292 

+0.0350 

+0.0641 

-0.0525 
+0.1749 

+0.2216 
+0.2216 
+0.2391 
+0.1633 
+0.1633 
+0.1808 
+0.1983 


the  subsequent  tables.  The  second  line  of  the  head  of  the  tables 
contains  the  corresponding  values  of  a  new  variable  p  defined  by 
the  relation 


m-{-i 


this  variable  is  preferable  to  m  for  graphical  representation,  because 
it  runs  through  the  finite  interval  o  to  i  at  the  same  time  that  m  runs 
from  o  to  GO  .  The  last  column  w  =  4  is  naturally  not  very  exact; 
only  the  e~''th  part,  i.e.,  0.018,  of  a  beam  originating  in  that  layer 
and  going  straight  outward  reaches  the  face. 

Finally  the  radiation  at  various  layers  and  in  various  directions 
can  be  calculated  from  (17)  and  (18).  To  give  a  survey  I  have 
indicated  the  results  graphically  in  the  figures  below.  The  intensity 
in  a  specified  direction  is  proportional  to  the  radius  vector  in  that 
same  direction.  The  inmost  curve  of  each  figure  illustrates  the 
radiation  at  the  external  limit  of  the  absorbing  layers  (w  =  o); 
then  there  follow  consecutively  the  curves  m  =0.429,  m  =  i,  and 
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w  =  2.333.  Of  course  it  must  be  remembered  that  tn  is  a  function 
of  the  wave-length.  In  section  5  we  shall  examine  the  relation 
between  the  optical  masses  with  respect  to  different  wave-lengths. 


The  intensity  as  a  function  of  the  direction  of  the  beams 


4.      SCATTERING,    OR  REAL  ABSORPTION? 

As  mentioned  in  the  introduction  there  are  very  different 
opinions  about  the  importance  of  scattering  in  solar  optics.  By 
the  aid  of  the  results  obtained  in  the  preceding  paragraph  we  are 
now  going  to  examine  the  various  possibilities. 

We  begin  with  the  extreme  assumption  that  there  is  a  vast 
atmosphere,  scattering,  but  not  absorbing,  surrounding  the  seat  of 
emission  in  such  powerful  layers  as  to  cut  off  all  direct  radiation 
from  within  practically  completely. 

The  coefficient  of  real  absorption  then  must  be  zero  throughout 
the  atmosphere,  and  accordingly,  by  (5) 


H(m)=Gim). 


(25) 


Moreover,  by  (2),  (7),  and  (8) 
•+i  ... 


G{m)^\         eid^ 


e    ^dm—^ 


'i-H 


H(m) 


e~^dm  ; 
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or  applying  a  simple  transformation  due  to  King  and  Schwarzschild: 


G{m)  = 


or  finally  by  (25) 


G(fx)dtx 

t/ o  ey  I  m 


G(m)=h         G(fx)dfji 


dii  ; 


(26) 


where  /x  and  u  are  integration  variables.  Since  the  equation  (26) 
is  an  integral  equation  of  Fredhobn's  second  type,  it  admits  of  a 
unique  solution;  and  since  the  wave-length  does  not  occur  in  (26), 
this  solution  must  be  the  same  function  of  the  optical  mass  for  all 

TABLE  II 

The  Emissivity  Function,  H{m) 


X 

m  =  o 

O.III 

0.25 

o.42g 

0.667 

I 

1. 5 

2-333 

4 

p  =  o 

0.1 

0.2 

0.3 

0.4 

o.S 

0.6 

0.7 

0.8 

0^323. 

..     0.127 

0.213 

0.324 

0.471 

0.676 

0.974 

1.436 

2.209 

3-495 

0.386 

..     0.170 

0.255 

0.363 

0.504 

0.698 

0 

979 

I. 413 

2.165 

3.623 

0-433 

..     0.213 

0.292 

0.393 

0.529 

0.716 

0 

990 

1.415 

2.129 

3.352 

0.456 

..     0.179 

0.288 

0.421 

0.586 

0.798 

076 

1.458 

2.008 

2.847 

0.481 

..     0.219 

0.325 

0.453 

0.613 

0.815 

079 

1.437 

1.943 

2.686 

0.501 

..     0.244 

0.348 

0.474 

0.629 

0.823 

076 

1. 413 

1.888 

2.644 

0-534 

■•     0.312 

0.397 

0.503 

0.638 

0.815 

057 

1. 401 

1. 910 

2.577 

0.604 

••     0.329 

0.43s 

0.559 

0.707 

0.883 

096 

1.354 

1.673 

2.259 

0.670 

••     0.357 

0.468 

0.597 

0.747 

0.922- 

123 

1.345 

1.573 

1.955 

0.699 

..     0.372 

0.481 

0.608 

0.756 

0.927 

123 

1-337 

1.551 

1.902 

0.866 

..     0.456 

0.558 

0.674 

0.807 

0.958 

124 

1.290 

1.424 

1.650 

1. 031 

..     0.516 

0.605 

0.707 

0.825 

0.962 

116 

1.280 

1.423 

1.558 

1.225 

■•     0.557 

0.640 

0.736 

0.846 

0.972 

III 

1.253 

1-359 

1.423 

I  655 

. .  .     0 . 649 

0.721 

0.802 

0.894 

0.995 

lOI 

1. 195 

1.234 

1.250 

2.097 

..     0.685 

0.752 

0.828 

O.911 

1.002 

093 

1. 167 

1. 182 

1.220 

wave-lengths.  Hence,  summing  up  the  contents  of  (25)  and  (26): 
//  the  extinction  is  due  to  pure  scattering  all  the  way  through  the 
atmosphere,  the  emissivity  and  collustrivity  functions  must  be  equal 
and  independent  of  the  wave-length. 

Tables  II  and  III  demonstrate  that  this  is  not  the  case.     The 
assumption  is  thereby  proved  to  be  erroneous. 
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Next,  suppose  that  the  interior  layers  are  absorbing  as  well  as 
scattering,  but  the  external  layers  (say  o<m<m*)  exclusively 
scattering.  Then  the  equation  (25)  obviously  subsists  within  the 
same  interval  o<m<m*;  but  (26)  naturally  not.  Hence  if  the 
sun  is  enveloped  by  an  exclusively  scattering  layer,  the  emissivity  and 
collustrivity  functions  must  coincide  within  the  corresponding  interval 
of  m. 

If  the  scattering  layer  were  equal  to  the  earth's  atmosphere  as 
to  its  optical  properties,  the  interval  in  question  would  be  around 
0.15  in  the  visible  spectrum  and  1.25  in  the  extreme  ultra-violet. 


TABLE  III 
The  Collustrivity  Function  G{m) 


X 

m  =  o 

o.m 

0.2s 

o.42g 

0.067 

I 

i-S 

2.333 

4 

P  =  o 

0.1 

0.2 

0-3 

0.4 

o-S 

0.6 

0.7 

0.8 

0^323. • 

■      0.273 

0.346 

0.438 

0.566 

0.748 

1.020 

1.452 

2.183 

3  396 

0.386.. 

.      0.288 

0.365 

0.459 

0.58s 

0.762 

024 

1.440 

2 

165 

3 

598 

0-433-- 

.      O.29Q 

0.380 

0.474 

0.598 

0.771 

027 

1.428 

2 

109 

3 

270 

0.456.. 

•      0.308 

0.393 

0.497 

0.633 

0.816 

069 

1.432 

973 

2 

8x8 

0.481. . 

■      0.318 

0.408 

0.512 

0.645 

0.822 

064 

1 .406 

906 

2 

662 

0.501.. 

•      0.324 

0.416 

0.520 

0.651 

0.824 

057 

1.383 

860 

2 

643 

0.534-- 

■      0.337 

0.431 

0.532 

0.657 

0.821 

048 

1.375 

864 

2 

500 

0 . 604 . . 

•      0.351 

0.452 

0.559 

0.688 

0.847 

050 

1. 311 

659 

2 

.1^1 

0.670. . 

•      0.363 

0.469 

0.578 

0.708 

0.865 

057 

1.286 

554 

2 

050 

0.699. • 

•      0.367 

0.474 

0.583 

0.712 

0.867 

055 

1.277 

531 

997 

0.866.. 

.      0.388 

0.502 

0.612 

0.735 

0.878 

043 

1.224 

405 

752 

I. 031.. 

0.401 

0.519 

0.627 

0.745 

0.881 

039 

1. 215 

.S92 

612 

1.225.. 

0.410 

0.531 

0.638 

0.753 

0.883 

028 

1. 185 

327 

477 

I.655-- 

-      0.432 

0.560 

0.666 

0.774 

0.889 

Oil 

1. 129 

213 

329 

2.097. . 

.      0 . 440 

1 

0.571 

0.676 

0.781 

0.890 

001 

1. 104 

169 

1-315 

Once  more  referring  to  Tables  II  and  III  we  find  a  marked  dis- 
crepancy between  the  stated  conclusion  and  the  experimental  data, 
especially  in  the  extreme  ultra-violet  region.  The  underlying 
assumption  must  therefore  be  false  again. 

We  now  proceed  to  apply  our  results  to  the  h5rpothesis  of  pure 
absorption,  assuming  that  the  whole  of  the  dissipating  energy  is 
converted  into  heat  and  that  the  radiation  is  a  pure  temperature 
radiation.     On  this  hypothesis  we  have  by  (5) 


H{m)  =  E(m); 


(27) 
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i.e.,  if  the  scattering  is  negligible,  the  emissivity  function  is  equal  to 
the  emissive  power  of  an  absolutely  black  body  of  the  temperature  of 
the  layer. 

In  virtue  of  Planck's  law  the  emissive  power  of  an  absolutely 
black  body  is  a  known  function  of  the  temperature;  we  have  in  a 
frequent  notation 

2C^h  I 

■tii'^^'^ —  •  — "1 > 

CktX  —  I 

or,  using  the  C.G.S.  units: 

I.I77  ♦  iQ-s 

^-     /  Lii T  •  ^^^^ 

\Ae  \r  -1) 

By  means  of  this  equation  the  absolute  temperature  of  each  layer 
can  be  computed  as  a  function  of  the  overlying  optical  mass. 

If  our  assumption  concerning  the  nature  of  the  extinction  is 
true,  the  temperature  of  the  outermost  layer  m  —  o  must  be  one  and 
the  same,  irrespective  of  the  wave-length  used  in  the  computations. 
We  shall  utilize  this  circumstance  to  test  the  assumption. 

To  begin  with,  we  have  to  reduce  H{o)  to  C.G.S.  units.  The 
units  employed  above  were  defined  as  the  radiation  issued  within 
the  unit  solid  angle  from  a  body  which  radiates  like  the  central 
parts  of  the  sun's  disk.  Now  the  energy-curve  of  the  solar  radiation 
outside  the  earth's  atmosphere  is  determined  at  Mount  Wilson'  in 
some  arbitrary  unit;  on  interpolation  we  have  obtained  the  figures 
given  in  the  second  column  of  Table  IV.  As  the  solar  constant  is 
accurately  measured  (1.932  cal.  per  cm^  and  min.  =  1.348  •  10^  erg 
per  cm^  and  sec),  we  can  readily  put  them  into  absolute  units.  The 
numbers  thus  obtained  would  give  the  absolute  intensity  of  the 
radiation  from  the  entire  solar  disk  at  the  wave-lengths  specified 
in  the  table.  Since  the  solid  angle  occupied  by  the  sun  is  6.796  •  lo"^ 
(assuming  the  sun's  semidiameter  to  be  959!  7),  the  radiation  from 
a  body  which  emits  like  the  sun  but  occupies  the  unit  solid  angle  is 
found  by  dividing  by  that  quantity.  In  order  to  account  for  the 
fact  that  the  measurements  bear  upon  the  joint  radiation  of  the 

'  Annals  of  the  Smithsonian  Astrophysical  Observatory,  3,  197,  1913. 
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entire  solar  disk  but  the  units  of  the  preceding  paragraph  upon  the 
radiation  at  the  center,  we  have  further  to  divide  by  the  quantity 


■r 


2TV  \    J  '  pdp 


/(o,  ^).  m 


p  =  y  I  —  ^^  denoting  the  distance  of  a  zonal  element  from  the  center 
of  the  disk.  By  this  procedure  the  units  will  be  expressed  in  the 
C.G.S.  system;  they  are  given  in  the  third  column  of  Table  IV  and 
are  there  denoted  U^.  Finally,  multiplying  the  value  .0^(0)  obtained 
above  with  the  corresponding  Ux,  we  get  H{o)  expressed  in  ergs  per 
cm^  and  sec,  as  tabulated  in  the  fourth  column  of  Table  IV. 

TABLE  IV 

Reduction  of  //(o)  to  C.G.S.  Units 


X 

c 

U^  .  lO-M 

ff(o)  •  10-13 
Cabs.) 

X 

c 

u^  . 10-14 

ff(o)  •  10-13 
(abs.) 

0*^323-  •• 
0.386.. 

0.433 •  ■ 
0.456-  - 

0.481.  . 

0.501. . 
0-534- - 

0.604.  - 

n8o 

-  3590 

-  5490 
6140 
6200 
6060 

-  5780 

-  4990 

1. 014 
2.962 

4-437 
4.824 
4.780 
4.624 
4.326 
3-632 

I 
5 
9 
8 
10 
II 

13 
II 

29 
03 
43 
62 

48 
30 
50 
94 

0^670... 

0 . 699 . . . 

0.866.. . 
I.03I. . . 
1.225. . . 
1.655... 
2.097. . . 

4060 
.     3660 

2270 
-      1540 

1030 

480 
190 

2.887 
2.589 
1-556 

I. oil 
0.686 
0.311 
0. 124 

10.29 
9.62 
7.10 
5-34 
3-82 
2.02 
0.8s 

The  temperature  of  the  layer  m  =  o  is  now  readily  found  by  (28). 
The  results  are  given  in  the  tabular  summary  below.  The  depar- 
tures from  the  mean  cannot  be  said  to  be  small,  but  I  think  they 
might  be  entirely  accounted  for  by  the  inaccuracy  of  the  experi- 
mental material.  The  precision  of  the  observations  is  not  suffi- 
ciently great  to  enable  us  to  evaluate  higher  terms  than  the  fourth 
in  the  expansion  of  /  (o,  $).  Therefore,  if  the  outermost  layers  of 
the  sun  only  give  rise  to  a  short  interval  of  m  with  feeble  radiation, 
they  are  not  revealed  by  the  computations;  so  it  is  to  be  expected 
that  the  apparent  limiting  temperatures  will  come  out  higher, 
the  lower  the  absorption  coefficient  is,  and  A'ice  versa.  We  shall 
now  determine  the  values  of  the  absorption  coefficients  in  the  sequel; 
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utilizing  these  values  in  anticipation  we  give  below  the  graphical  run 
of  the  absorption  coefficients  of  the  outermost  layer  together  with 
the  difference  between  the  mean  and  the  separate  values  of  Table  V. 

TABLE  V 

The  Absolute  Temperature  of  the  Layer  m  =  o 


i 


X 

T 

X 

T 

o'^323 

0.386 

0-433 

0.456 

0.481 

0.501 

0.534 

0 . 604 

4360° 
4680 
4920 
4790 
4890 
4920 
5040 
4910 

0*^670 

0 . 699 

0.866 

I  031 

1-225 

1.655 

2.097 

4800° 
4750 
4640 
4640 
4670 
4960 
4580 

Mean 477o°  abs. 


4400  Y 

4500 

4600 

■4700 

4800 

4900 

5000 


tS" 


01a 


3.0 


.  --*A 


0.3         0.4 


0.6  0.8        i.o  1.5  2.0 

—    Apparent  limiting  temperature  T 
' —     Absorption  coefficients  a 


Fig.  4. — Apparent  limiting  temperature  and  absorption  coefficients 


The  real  temperature  of  the  utmost  layer  which  can  make  itself 
perceptible  by  its  absorption  and  radiation  is  most  correctly  indi- 
cated by  the  lowest  number  of  the  table.     Because  of  the  Fraun- 
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hofer  lines  that  number  should  be  raised  a  little.'  The  most  hkely 
value  of  the  limiting  temperature  therefore  appears  to  be  around 
4500°  abs. 

It  is  evident  that  no  real  objection  against  the  postulated  con- 
ception of  the  extinction  can  be  made  from  the  discussion  above. 
But  there  remains  yet  an  assumption  to  be  examined,  namely,  the 
one  that  both  the  coefl&cients  of  absorption  and  scattering  are 
different  from  zero. 

This  being  the  case,  we  should  have  by  (5) 

The  scattering  must  not  render  the  expression  within  the  paren- 
thesis negative,  which  enables  us  to  find  a  superior  limit  of  jS : 


G-H 

or,  in  particular,  for  the  wave-length  o''3  23 : 

/3^o.867a.  (30) 

Having  thus  found  a  superior  limit  for  the  shortest  wave- 
length, we  can  readily  assign  a  superior  limit  for  each  of  the  longer 
wave-lengths  too.     According  to  Lord  Rayleigh's  law 

the  selective  properties  of  scattering  are  in  the  main  due  to  the 
factor  X"*  of  the  denominator.  It  may  be  that  the  formula  is  not 
exactly  valid;  the  factor  A"*  is  safe  in  any  case,  since  it  can  be  deduced 
from  pure  dimensional  considerations.'     The  quantity 

'  According  to  Rowlands'  spectral  atlas,  the  absorption  by  the  lines  in  the  region 
about  0^3  23  does  not  seem  to  be  very  much  more  extensive  than  in  the  visible  region. 
^Lord  Rayleigh  (J.  W.  Strutt),  Philosophical  Magazine  (5),  41,  no,  1871. 
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is  therefore  a  superior  limit  of  the  scattering  coefficient  of  the  wave- 
length X.  If  the  whole  of  (31)  were  exact,  the  limit  would  be  still 
smaller. 

Thus,  the  extinction  in  the  sun  can  be  caused  either  by  pure  absorp- 
tion, or  by  absorption  together  with  scattering  within  the  indicated 
limits.  In  any  case  the  scattering  is  negligible  within  the  red  and 
infra-red  parts;  the  question  whether  it  is  also  neghgible  within  the 
remaining  parts  of  the  visible  spectrum  and  the  ultra-violet  must  be 
left  unsettled  if  we  wish  to  avoid  entering  into  somewhat  hypotheti- 
cal considerations  as  to  the  state  and  optical  behavior  of  the  layers. 

To  get,  nevertheless,  at  least  an  idea  of  the  probable  value  of 
the  scattering  coefficients,  notice  in  the  first  place  that  the  limit 
above  is  very  wide,  so  wide  in  fact  that  it  even  admits  the  temper- 
ature of  the  outmost  layer  to  be  zero  on  the  absolute  scale;  I  need 
not  point  out  that  this  temperature  and  any  low  temperature  is 
absurd  in  the  overwhelming  ardor  of  the  radiation  from  within;'  in 
particular,  venturing  the  assumption  that  the  layer  is  in  radiative 
equilibrium,  we  should  be  able  to  reduce  the  maximum  of  the 
scattering  to  a  small  fraction  of  the  foregoing  amount;  most  likely 
the  scattering  is  negligible  all  through  the  spectrum. 

In  one  of  his  celebrated  memoirs  on  solar  physics  Schwarz- 
schild^  appears  to  be  disposed  in  favor  of  the  scattering  theory  of 
the  solar  atmosphere ;  his  opinion  is  based  on  a  study  of  the  Fraun- 
hofer  lines.  There  is  clearly  no  contradiction  between  his  result 
and  mine;  for  the  layers  with  which  we  have  been  concerned 
above  are  those  giving  rise  to  the  continuous  spectrum,  i.e.,  the 
photospheric  layers,  while  Schwarzschild's  result  bears  upon  the 
optics  of  the  reversing  layer  with  its  discontinuous  absorption  and 
radiation;  according  to  Julius'  measurements  during  the  annular 
eclipse  of  191 2  the  total  amount  of  radiation  from  the  entire  solar 
atmosphere  outside  the  photosphere  is  0.00 1  at  most  of  the  sun's 
total  emission;  such  small  amounts  are  not  discovered  by  our 
computations. 

'  From  a  spectroscopic  determination  the  temperature  of  the  reversing  layer  is 
found  to  be  4300°  abs.     R.  T.  Birge,  Astrophysical  Journal,  54,  273,  1922. 

'  K.  Schwarzschild,  op.  ciL,  p.  1200,  1914. 
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5.       THE    TEMPERATURE    OF    THE    PHOTOSPHERIC    LAYERS 

The   temperature   of   any  layer   can   be   computed   from   the 
equation 


E=H{i- 


H 


(29) 


provided  either  ^/a  is  known  or 


G-H 
H 


is  a  small  quantity.     From 


Tables  II  and  III  we  find  that  the  latter  is  the  case  for  the  deep 
layers,  at  least  as  a  good  approximation,  so  we  have  simply 


E  =  H. 


(27) 


Inversely,  having  computed  E  for  a  specified  temperature  by 
means  of  Planck's  formula,  we  know  by  (27)  the  function  H(m) 
for  the  layer  where  that  temperature  exists,  and  can  then  read  off 


TABLE  VI 
Optical  Mass  and  Temperatttre 


Sioo 


SQOO 


6300° 


6700° 


0^323 

0.386 

0.433 
0.456 

0.481 
0.501 

0.534 

0.604 
0.670 
0.699 

0.866 
1. 031 
1.225 
1-655 

2.097 


0-53 
0.21 
0.09 

0.08 

0.07 

0.08 
0.03 

0.07 

O.  II 

0.13 
0.22 
0.23 
0.22 
0.05 
0.27 


1.09 
j  0.48 
0.30 
0.25 
0.23 
0.23 
0.22 
0.24 
0.30 
0-33 
0.43 
0.49 

0.43 
0.25 

0.54 


1.90 
0.87 

0.59 
0.46 
0.44 

0.45 
0.48 

0.47 
0.54 
0.59 
0.76 
0.80 
0.72 
0.49 
0.93 


.  20 
•36 
.92 
•74 
•72 
•74 
.78 
.78 
.87 
•95 
•24 
.27 

•13 
.80 


1.97 
1.32 
I.  II 
1 .09 
I.  II 
1. 17 
1.22 
1.38 
1-55 
2^45 
2.28 
1.99 
1 .26 


2.69 
1.79 

1-59 
1.56 
I  59 
1. 61 
1.66 
2.36 
2.66 


3-54 
2.36 
2.19 
2.16 
2.19 

2. IS 
2.69 

3-74 


the  corresponding  values  of  m,  on  a  set  of  diagrams  representing 
Table  11.  In  this  way  Table  VI  has  been  deduced.  From  this 
table  we  can  obtain  the  correspondence  between  the  optical  masses 
with  regard  to  different  wave-lengths. 

By  the  aid  of  the  table  we  can  further  trace  a  kind  of  isothermals, 
which  are  very  instructive  and  make  the  optical  conditions  easy  to 
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sun^ey.  In  Figure  5  X  and  m  are  co-ordinates,  and  the  curves  con- 
nect points  with  equal  temperature.  The  scale  of  wave-lengths  is 
a  logarithmic  one.     From  the  figure  it  is  obvious  that  an  appreciable 


-  r=  7500' 


0.3  0.4       0.5      0.6      0.7  0.8  0.9    i.o       1.2      1.4     1.6    1.8  2.0 

Fig.  5. — Isothermals:  J'  =  5ioo,  550c,  5900,  6300,  6700,  7100,  and  7500 

part  of  the  green  and  the  blue  light  comes  from  deep  and  hot  layers, 
while  the  radiation  of  the  ultra-violet  and  part  of  the  infra-red 
spectrum  in  the  main  is  due  to  cooler  external  layers. 

6.      THE   EXTINCTION   COEFFICIENTS 

The  optical  mass  was  defined  above  by  the  differential  relation 

dmx=—{ax+Px)dr=—'Yxdr,  (3) 

where  the  coefficient  7 — the  sum  of  the  coefficients  of  absorption 
and  scattering — might  be  called  the  coefficient  of  extinction.  The 
first  differences  of  Table  VI  measure  by  (3)  the  integral 


m{T^ 


—m{Ti)=  1     ydr , 


taken   between   the   layers  indicated    by   their   temperatures   T^ 
and  T2. 

Let  /12  be  the  distance  between  the  layers  Tj,  and  T2.        We  have 
then  approximately 


ydr  =  li2  •  T 


•T) 


T,+T, 


136 


RAGNAR  LUNDBLAD 


or 


m(T2)  —  m{Ti)=li2  •  7  ]  — ^ 

2 


where  7 
T.  +  T, 


T.-hT, 


denotes  the  extinction  coefficient  at  the  layer 


From  this  equation  7  may  be  computed  for  each  of  the 


layers  Z'=53oo,  5700,  6100,  6500,  6900,  and  7300°;  however,  as  we 
do  not  know  /12 ,  only  in  relative  numbers.  Table  VII  contains  the 
ratio  of  the  extinction  coefficient  of  the  wave-length  X  to  that  of  the 
wave-length  o';'48i. 


TABLE  VII 

Extinction-Coefficients 


T 

5300° 

5700° 

6100° 

6500° 

6900° 

7300° 

0^323 

0.386 

0-433 

0.456 

0.481 

0.501 

0-534 

0 . 604 

0.670 

0 . 699 

0  866 

3  SO 
1.69 

1-31 
1.06 
1. 00 
0.94 
1. 19 
1.06 
1. 19 
1-25 
1-31 
1-63 
I-3I 
1-25 
1.86 

3.86 
1.86 
1-38 
1 .00 
1. 00 
1-05 
1.24 
1. 10 
1. 14 
1.24 

1-57 
1.48 

1.38 
1. 14 

4.64 

1-75 
1. 18 
1 .00 
1. 00 
1.04 
1.07 
I.  II 
1. 18 
1.29 
I. 71 
1.68 
1.46 
I. II 

1-65 
X.08 
1. 00 
1. 00 
1. 00 
105 
1. 19 
1-38 
1.62 
3-27 
2-73 
2.32 
1.24 

1-53 
1. 00 
1 .02 
1. 00 
1.02 
0.94 
0.94 
2.09 
2-36 

1.42 

0.95 
1 .00 
1. 00 
1. 00 
0.90 
1.72 
2.30 

1-031 

1-225 

1-655 

2.097 

If  the  extinction  is  entirely  due  to  real  absorption,  the  data  of 
Table  VII  naturally  denote  absorption  coefficients.  Otherwise, 
they  are  maximal  values  of  the  absorption  coefficients.  Assuming 
that  the  quotients  of  the  extinction  coefficients  of  the  outmost  layer 
are  equal  to  those  of  the  layer  T  =  5300°  we  can  also  give  minimal 
values  for  that  layer  and  at  the  same  time  maximal  values  of  its 
scattering  coefficients.  From  (30)  and  (32)  we  obtain  the  results 
contained  in  Table  VIII.  The  extinction  coefficient  of  X==  0^481 
is  still  retained  as  unit.     I  repeat  that  the  actual  values  of  jS/a  must 
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be  much  lower  than  those  of  the  table;  for  if  these  were  correct,  we 
should  obtain  quite  incongruous  values  of  the  limiting  temperature. 

TABLE  VIII 

Minimum  of  Absorption  and  Maximum  of  Scattering 


o'?323. 
0.386. 

0.433 • 
0.456. 
0.481 . 
0.501. 
0-534. 
o . 604 . 


"  min. 

^max. 

1.87 
0.89 

1.63 
0.80 

0.81 

•       0.6s 

0.67 

0.66 

0.50 
0.41 

0.33 
0.28 

0.97 

0.22 

0.93 

0.13 

0*^670 . 
o . 699 . 

0.866. 
I. 031. 
1.225. 
1.655. 

2.097. 


1. 10 

0.09 

1. 18 

0.07 

1.28 

0.03 

1.62 

O.OI 

1.30 

O.OI 

1-25 

0.00 

1.86 

0.00 

7.      THE  HEAT  ECONOMY   OF   THE   PHOTOSPHERIC   LAYERS 

Several  of  the  papers  quoted  at  the  outset  start  with  the  assump- 
tion that  the  external  layers  of  the  photosphere  are  in  radiative 
equilibrium,  i.e.,  the  energy  gain  by  absorption  is  equivalent  to  the 
energy  loss  by  emission : 

/^oo  /^OO 

I       aGd\  =   I       aEd\ . 

tJo  Uo 

We  are  now  able  to  test  this  assumption.  Provided  the  extinc- 
tion is  a  real  absorption  all  through,  we  have  0=7,  so  we  can  com- 
pute the  integrals  from  Tables  III  and  VII.     The  ratio 

\  r        }  \  r     \ 

q=  j    I      a{G-E)d\  \'A\      oiEdX  \ 

is  evidently  an  index  of  the  departures  from  the  radiative  equi- 
Hbrium.     By  graphical  integration  I  have  found  the  following  values : 

T ? 

5300° -0.019 

5700° —0.025 

6100° —0.037 

6500° —0.034 

The  differences  are  most  likely  entirely  caused  by  inevitable 
inaccuracies;  and  so  we  obtain,  as  our  last  conclusion,  the  verifica- 
tion of  the  very  starting-point  of  most  of  the  previous  investigations. 

LuLEA,  Sweden 
September  1922 
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NOTES  ON  TWO  STARS  HAVING  VARIABLE 
BRIGHT  LINES 

ABSTRACT 

Two  spectroscopic  binaries  of  class  B,  47  w  Orionis  and  43  6^  Orionis,  pre\dously 
known  to  have  bright  lines  at  H^S,  were  observed  at  the  Yerkes  Observatory  in  1922 
and  1923.     The  intensity  of  the  bright  lines  is  found  to  vary  in  the  course  of  a  few  days. 

47  CO  Orionis  (ct  =  5''34™,  5=4°4',  1900;  mag.,  4.5;  spectral  type, 
B3)  has  exceedingly  wide  and  diffuse  absorption  lines,  except  the 
K  line,  which  is  sharp  and  narrow.  H7  is  fairly  good  for  measure- 
ment. This  star  was  found  to  be  a  spectroscopic  binary  by  Pro- 
fessor E.  B.  Frost.' 

Paul  W.  MerrilP  noticed  in  191 2  on  two  plates,  taken  on  Septem- 
ber 23  and  October  14,  that  Ha  was  a  strong  bright  line,  while  H/3 
was  a  well-defined  double,  bright  superposed  on  absorption. 

In  a  paper  presented  at  the  twenty-second  meeting  of  the 
American  Astronomical  Society  in  1919,  C.  D.  Perrine^  classifies 
CO  Orionis  among  the  stars  that  have  lost  bright  H/3.  His  data  are 
based  on  objective-prism  photographs  taken  with  the  astrographic 
refractor  and  a  20°  prism  (in  Cordoba). 

In  192 1  the  star  was  observed  by  F.  Henroteau''  at  Ottawa. 
Two  plates  taken  on  January  25  show  a  rather  weak  emission  line, 
which  is  certainly  single,  in  the  middle  of  the  absorption  line  at  H/3. 

In  the  Henry  Draper  Catalogue  the  following  remark  refers  to 
CO  Orionis  (No.  37490):  "No  bright  lines  are  seen  on  a  photograph 
taken  with  the  11 -inch  telescope  on  January  31,  1906." 

Forty-five  spectrograms  of  co  Orionis  were  obtained  with  the 
Bruce  Spectrograph  of  the  Yerkes  Observatory  between  October  30, 
1922,  and  March  31,  1923.     The  first  plate  on  October  30  showed  a 

'  Lick  Observatory  Bulletin,  181,  22,  191  o. 

'  Ibid.,  237,  168,  1913. 

3  Popular  Astronomy,  27,  90,  1919. 

*  Publications  Dominion  Observatory,  Ottawa,  s,  337. 
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single  bright  line  at  H/5,  while  the  next  plate  on  Xovember  6  had 
two  bright  components  of  unequal  intensity.  The  later  plates 
confirmed  the  changes  of  the  intensity  of  the  two  components, 
which  occur  in  rather  short  intervals  of  a  few  days.  Some  of  the 
plates  entirely  fail  to  show  the  emission.  Preliminary  measures 
indicate  that  the  changes  in  the  emission  lines  are  not  due  to  orbital 
motion  of  the  binar}'  system,  for  the  separation  of  the  two  com- 
ponents apparently  does  not  vary,  averaging  about  240  km/sec. 
It  seems  probable  that  the  two  components  really  vary  in  intensity. 
H7  does  not  show  any  trace  of  emission  on  our  plates,  but  the  velocity 
derived  from  it  differs  by  about  30-40  km/sec,  from  that  of  the 
K  line  and  He  4472  and  agrees  ver}^  well  with  the  velocity 
determined  from  the  mean  of  the  two  bright  components  of  H/?. 
This  seems  to  indicate  that  H7  is  also  affected  by  emission  which 
does  not  stand  out  on  the  background  of  the  continuous  spectrum. 

The  presence  of  bright  H/3  had  previously  been  found  by 
Professor  Frost  from  some  of  the  early  plates,  numbering  eleven 
and  taken  between  1903  and  191 2.  But  on  none  of  these  plates 
does  the  bright  component  appear  so  strong  as  on  most  of  the  plates 
of  1922-1923.  Per  contra,  most  of  the  early  plates  show  a  wide 
absorption  line  at  H/3  without  any  trace  of  emission,  while  the 
great  majority  of  plates  taken  this  season  show  two  bright  com- 
ponents. This  indicates  that  in  addition  to  the  rapid  changes  in 
the  spectrum  there  has  been  a  slow  change  in  the  appearance  of 
H/3  during  the  past  twenty  years.  Observations  of  this  star  will 
be  resumed  in  the  autumn. 

43  0^  Orionis  (0  =  5^30™,  5=— 5^29',  1900;  mag.,  4.9;  spectral 
t}T3e,  Bi).  The  lines  of  this  star  are  rather  poor  for  measurement, 
except  K,  which  is  sharp.  It  was  announced  as  a  spectroscopic 
binary  by  Frost  and  Adams^  in  1904.  No  bright  lines  were  visible 
on  the  plates  taken  at  that  time. 

In  1919  F.  Henroteau^  found  that  the  broad  hydrogen  absorption 
lines  were  divided  by  sharp  and  well-defined  emission  lines. 

In  Februar}',  1922,  three  plates  of  this  star  were  taken  by  Professor 
S.  B.  Barrett  with  the  Bruce  Spectrograph.     Xo  emission  visible. 

^  Astrophysical  Journal,  19,  153,  1904. 

^Publications  of  the  Dominion  Observatory,  Ottawa,  5,  19. 
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In  1923  six  plates  were  taken  by  Mr.  Barrett  and  myself.  Some 
of  them  show  a  fairly  strong,  single  emission  line  at  H(8,  while 
others,  though  of  good  quality,  fail  to  show  any  bright  lines.  No 
emission  is  visible  on  any  of  the  other  absorption  lines.  The 
variation  in  intensity  of  bright  H/3  and  the  absence  of  emission  at 
H7  and  of  the  nebular  lines  prove  that  the  observed  emission  line 
is  not  due  to  the  Orion  Nebula. 

It  should  be  remembered  that  43  6^  Orionis  is  not  one  of  the 
trapezium  stars.  It  is  Bond  685  and  follows  the  trapezium  about 
6%  south  100". 

The  star  will  be  observed  again  next  season. 

Otto  Struve 

Yeekes  Observatory 
AprQ  14,  1923 
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ON  THE  DOUBLE  STAR  9  ARGUS 

By  otto  STRTJV'E 

ABSTRACT 

Observations  of  the  visual  double  star  g  Argus,  rm.^t  with  the  Bruce  spectrograph 
of  the  Yerkes  Obser\'atory,  were  used  for  finding  the  sign  of  the  inclination  and  the 
actual  dimensions  of  the  orbit.  The  period  of  revolution  of  this  system  is  23.34  years. 
A  comparison  of  the  spectrographic  results  with  the  visual  orbit  (by  Aitken)  gives 
7rWi/w  =  o!'i4.  The  most  probable  value  of  the  absolute  parallax,  obtained  by  the 
trigonometric  and  other  methods,  is  7r  =  o''o78.  The  mass-ratio  is  approximately 
m/mi  =  o.(i.  The  total  mass  of  the  system  is  found  to  be  near  i.o-i.i  O.  This  is  in 
good  agreement  with  the  value  1.2  O  obtained  by  Miller  and  Pitman  using  the  law 
of  gravitation. 

The  star  9  Argus,  known  as  /3ioi  (a=7^47'"i,5=  — 13°38'  (1900); 
mag.,  5.6  and  6.7;  spectral  type,  F8)^  was  placed  by  Professor 
Edwin  B.  Frost  on  the  obser\-ing  program  for  radial  velocity  at  the 
Yerkes  Observatory  in  1905.  The  intention  was  to  accumulate 
data  for  determining  the  sign  of  the  inclination  and  the  absolute 
parallax  (where  possible)  for  a  number  of  visual  binaries  having 
well-established  orbits.  Since  that  time  eleven  spectrograms  of 
this  star,  of  good  quality,  have  been  obtained.  All  the  plates  have 
been  measured  and  reduced  by  the  usual  Hartmann  formula.  Most 
of  the  plates  were  measured  independently  by  different  observers 
and  no  plate  was  measured  less  than  twice.  The  spectrum  of  the 
fainter  component  does  not  appear  on  our  plates  and  the  measures 

'  In  the  Henry  Draper  Catalogue,  for  the  brighter  component,  the  spectral  type 
is  given  as  Go  and  the  combined  visual  or  "photometric  "  magnitude  as  5.34. 
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refer  only  to  the  brighter  component.  Table  I  contains  the  results 
of  the  measurements.  The  means  of  the  various  values  for  each 
plate  were  adopted  as  final  and  are  given  in  the  last  column. 

The  visual  orbit  of  the  double  star  9  Argus  is  known  with  great 
accuracy.  A  number  of  orbits  have  been  published  for  this  star. 
The  best  is  undoubtedly  the  one  by  R.  G.  Aitken/  though  his  ele- 
ments differ  only  slightly  from  the  elements  computed  by  Burnham^ 

TABLE  I 


Plate 


Date 


G.M.T. 

Taken 
By 

igho6m 

F,  B,  S 

21   42 

B,S 

20   14 

B,  S 

19  38 

F,  B,  S 

19  30 

L,  B,  S 

IS  40 

B 

18  37 

<r,  S 

19    OQ 

<r,S 

14    48 

0-,  S 

22    09 

a,  S 

20    31 

<r,  S 

Velocity 


Meas.  By 


Mean 


403 


933 
B  939 
B  1322 
B  4789 
B  6376 
B  6384 
B  0465 
B  6653 
B     966 


190S: 
1906, 
1906, 

I907: 

1908, 

1917^ 

1922, 
1922, 
1922, 
1922, 
1922, 


Jan.  27- 
Nov.  23 
Dec.  17 
Jan.  4 
Jan.  13 
Jan.  29 
Jan.  27 
Jan.  30 
April  7 
Nov.  6 
Nov.  20 


km/sec 

—  17 .6,  -15.8.  —13.3 

—  16.5,  —14.6 

—  17.5,  —17.9,  —20.6 

—  22.9,  —22.6,  —18.2,  —23.4 

—  26.0,  —22.2,  —20.2 
-19. 5,  -19. S 

—  13.1,  — i6.o 

—  14.4,  -18.3 

—  14.7,  —18. 9 
-12.8,  -  8.0 
-17-3,  -16.7 


F,  P,  L 
L,  a 
F,  P,  L 
F,  P,  L,  a 
P,  M,  L 
M,  a 
a,  a 
a,  a, 
a,  a 
<T,  a, 
<r,  <r, 


km/sec 
-15.6 
-15. S 

-18.7 
-21.8 
-23.8 
-19.5 

—  14.6 

—  16.4 
-16.8 

—  10.4 
-17.0 


F  =  E.  B.  Frost,  B  =  S.  B.  Barrett,  P=J.  A.  Parkhurst,  L=0.  J.  Lee,  M  =  C.  A.  Maney,  S=F.  R. 
SuUivan,  o-  =  0.  Struve. 

TABLE  II 


Ephemeris  by  Aitken 

Observations 

Pos.  Angle 

Distance 

Pos.  Angle 

Distance 

1917.25.. . 
1918.25.. . 
1919.25... 

1920.25. . . 

1921.25.. . 
1922.25.. . 

28o?3 

284.3 
287.0 

289.3 
291-5 
293-8 

0*40 
0-53 
0-59 
0.62 
0.62 
0.62 

1918.18.. 
1919. II. . 

1921. 14. . 
1922. 19. . 
1923.27.. 

289?! 
292.6 

299.9 
293-4 
304.5 

o';48 

0.54 

0.52 
0.56 

0.62 

Van  Biesbroeck 
Van  Biesbroeck 

Van  Biesbroeck 
Parask  evopoulos 
Van  Biesbroeck 

and  later  by  Lohse.^  Unpublished  observations  made  by  Professor 
G.  Van  Biesbroeck  with  the  40-inch  telescope  of  the  Yerkes  Observa- 
tory and  by  Dr.  J.  Paraskevopoulos  with  the  16-inch  telescope  at 
Athens,  as  compared  with  the  computed  ephemeris,  prove  that  the 
orbit,  though  derived  in  191 2,  still  represents  the  observations  with 
sufficient  accuracy. 

^Publications  of  the  Lick  Observatory,  12,  51. 

'  Burnham's  General  Catalogue,  No.  4310,  p.  504. 

^  Publicationen  des  Astrophys.  Observatoriums,  Potsdam,  20,  93. 
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It  seemed  therefore  unnecessary  to  undertake  a  new  determina- 
tion of  the  visual  orbit,  and  Aitken's  elements  were  adopted  without 
change. 

Elements 
P=23. 34  years  0=       0*69 

w=     74'?65 
r=  1892.60  i=±79?8 

e=       0.7s  12=     99?7 

Angles  increasing 

The  inclination  i  is  positive  since  the  companion  is  being  carried 
away  from  the  observer  at  the  nodal  point. 

In  order  to  combine  the  spectrographic  observations  with  the 
visual  orbit,  for  each  spectrographic  velocity  an  equation  of  the 
following  form  was  computed : 

dt       ^dt 

dz     ufli  sin  if  ,        /    ,     m 

-j-=     . — =  [e  cos  co4-cos(7;+a))J 
"*     Vi  —  e^ 

The  notation  is  the  same  as  in  Aitken's  The  Binary  Stars,  pages 
72  and  135-136. 

It  should  be  remembered  that  the  spectrographic  velocities  are 
referred  to  the  center  of  gravity  of  the  system,  while  the  visual 
orbit  refers  to  the  brighter  component  as  the  center  of  the  co- 
ordinates. 

Therefore  we  shall  call,  a  the  semimajor  axis  of  the  visual  orbit, 
while  ffi  is  the  semimajor  axis  of  the  spectrographic  orbit. 

These  equations  were  solved  by  the  method  of  least  squares  and 
gave  the  following  normal  equations : 

1.  3779.T+     2.31857-1-36.5127  =  0 

2.  3185X+11  •ooooF-(-i88.iooo  =  o 
where 

ufli  sin  i 

and  V  is  the  velocity  of  the  center  of  mass  of  the  system. 
Solving  these  equations,  we  obtain: 

F= —  17.8  km/sec        x=3.524i. 
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No  probable  errors  were  computed  for  these  quantities,  for  they 
would  be  entirely  illusory,  since  their  accuracy  is  based  mainly  on 
the  accuracy  of  the  visual  orbit. 

Remembering  that 

27r 


M  = 


.t  seconds 


we  find  fli  =  300,000,000  km,  while  from  the  visual  orbit  a  =  o".6g. 
If  the  masses  of  the  two  components  were  equal,  we  would  have 

a=2at 

If  the  mean  distance  of  the  earth  from  the  sun  is  150,000,000 
km,  then  we  would  have: 

o''69Xi5o      ,, 

In  the  case  of  9  Argus  the  mass-ratio  is  not  known  with  sufficient 
accuracy  and  may  differ  considerably  from  unity.  Therefore  we 
find  only : 

\m/ 

We  could  solve  our  problem  in  a  somewhat  different  way.  If 
we  draw  a  smooth  curve  through  the  spectrographic  observations, 
retaining  only  the  period  of  the  visual  orbit,  we  would  find  a  range 
of  16  km/sec  between  maximum  and  minimum  velocities. 

Using  the  equation 

fli  sm  i  =  const. 


we  find 

a=  201  =  900,000,000  km. 

This  gives 

tI  —  |=o:'ii. 

Taking  the  mean  between  the  two  values  ©''17  and  o''ii  we 
have  finally 

TTl  =0.  14. 
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Below  is  given  a  list  of  other  determinations  of  the  parallax  of 
9  Argus : 

(i)  Flint  +o'o35±o'o26 Meridian  circle 

(2)  Sproul  +0. 121  ±0.009 Photography 

(3)  McCormick  +0.036^0.008 Photography 

(4)  Adams  and  Joy  +0.079 Spectroscopic  method 

(5)  Jackson  and  Furner  +0.067 Hypothetical  value 

Using  only  the  best  determination  (2-5)  and  adding  0(^005  to 
the  values  obtained  by  the  trigonometric  method,  we  adopt  for  the 

absolute  parallax 

7r  =  o:'o78. 

Combining  this  value  with  the  one  found  from  the  spectrographic 
observations,  we  obtain  for  the  mass-ratio  approximately : 

m 

— =0.6. 

nil 

Considering  the  different  values  for  the  parallax  of  this  star,  as 
determined  by  the  trigonometric  method,  we  must  admit  that  the 
discrepancy  between  the  results  obtained  by  J.  A.  Miller  at  the 
Sproul  and  by  S.  A.  Mitchell  at  the  McCormick  observatories  is 
rather  unusual.  The  epochs  of  the  parallax  plates  were  the  same 
at  the  two  observatories,  i.e.,  1915-1916-1917.  It  seems  not  impos- 
sible that  the  photographic  images  of  the  parallax  star  have  been 
affected  by  the  light  of  the  companion,  which  was  in  periastron  in 
191 5.9  and  which  was  moving  very  rapidly  in  position  angle  between 
the  years  191 5  and  191 7  (99°-28o°).  Dr.  O.  J.  Lee  suggests  that 
the  large  difference  between  the  two  values  of  ir  may  be  due  to  the 
circumstance  that  the  light  of  the  companion  was  not  entirely 
eliminated  by  cutting  down  the  brightness  of  the  parallax  star  by 
means  of  a  rotating  sector,  and  that  probably  the  effect  of  the  sector 
was  different  at  the  two  observatories.  Therefore  the  light  of  the 
companion  might  have  affected  the  image  of  the  parallax  star  more 
in  the  one  case  than  in  the  other. 

In  spite  of  this  discordance,  there  is  no  doubt  as  to  the  reality 
of  the  parallax  of  9  Argus,  and  it  seems  highly  probable  that  the 
adopted  value  0^078  is  very  close  to  the  truth. 
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S.  A.  Mitchell'  finds  from  a  comparison  of  proper  motions  as 
given  by  Boss  and  by  his  own  determinations  that  the  masses  of 
the  two  components  are  in  the  ratio  0.73  to  0.27,  or  approximately 

m 

—  =  0.4. 
V                                                    nil 

This  value  agrees  fairly  well  with  the  mass-ratio  found  from  the 
spectrographic  observations, 

m 

—  =  0.6. 
nil 

In  addition  it'may  be  noted  that  the  mean  density  of  this  system 
was  computed  by  E.  Opick,^  and  later,  on  the  basis  of  better  observa- 
tional material  by  E.  Bernewitz.^     The  two  values  are 

5  =  2.3         and         5=1.01, 

the  unit  being  the  density  of  the  sun. 

Though  differing  very  considerably  from  each  other  they  still 
indicate  that  the  density  of  this  system  is  rather  high. 

If  we  adopt  with  Burnham  the  apparent  magnitudes  of  the  two 
components  as,  respectively,  5.6  and  6.7,  then  the  absolute  magni- 
tude of  the  brighter  component  would  be  5.1  (for  tt  =  o''o78).  H.  N. 
Russell's  tables'*  give  for  the  diameter  of  such  a  star 

D  =  o.g, 

expressed  in  diameters  of  the  sun.  This  would  correspond  to  about 
0.7  of  the  volume  of  the  sun. 

Applying  Bernewitz's  value  for  the  mean  density  of  the  star,  i.e., 
1. 01,  we  find  that  the  mass  of  the  brighter  component  is  0.7  that  of 
the  sun. 

If  our  value  for  the  mass-ratio  (0.6)  is  correct,  then  the  mass  of 
the  fainter  component  will  be  0.4  that  of  the  sun  and 

w^-w^I=I  .1  O  . 

^  Publications  of  the  Leander  McCormick  Cbservalory,  3,  239. 

^  Aslrophysical  Journal,  44,  298,  1916. 

3  Astronomische  Nachrichten,  213,  i,  1921. 

^  Publications  of  the  Astronomical  Society  of  the  Pacific,  32,  307,  1920. 
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This  result  agrees  remarkably  well  with  the  value  of  the  total  mass 
of  the  system,  derived  from  Kepler's  law  by  Miller  and  Pitman^  and 
independently  by  B.  Meyermann.^  Their  values  are  identical, 
being  based  on  the  same  parallax  (7r  =  0^079)  and  give 

7n-\-nii=i  .2. 

Knowing  the  mass-ratio,  we  could  compute  the  density  of  the 
brighter  component  from  Bernewitz'  formula  (i) : 

log  5i  =  log  (  —  ]+ 0.6 (nh-i,)- log  (iH — ^  j+0.089. 
The  computation  gives 


5i  =  o. 


Hence  approximately 


Wi  =  o.6  O  ,        w  =  o.4  O 
m-\-mi=i  .0  O. 

It  must  be  remembered  that  the  value  for  m+nii,  derived  from 
the  law  of  gravitation,  depends  on  the  third  power  of  x.  There- 
fore, a  small  error  in  the  adopted  parallax  produces  a  great  uncer- 
tainty in  the  mass.  The  good  agreement  between  our  hypothetical 
values  of  m-\-mj  and  the  one  derived  by  Miller  and  Pitman  is 
probably  the  best  proof  that  the  adopted  parallax  o''o78  or  o''o79 
is  not  far  from  its  true  value.  On  the  other  hand,  it  must  be 
admitted  that  the  hypothetical  value  for  the  diameter,  being  true  in 
average,  may  be  subject  to  considerable  uncertainty  if  applied  to 
a  particular  star. 

At  the  present  time,  the  radial  velocity  of  9  Argus  is  slowly 
decreasing,  the  brighter  component  being  carried  away  by  its  orbital 
motion  with  decreasing  speed.  Since  the  velocity  of  the'system  as 
a  whole  is  — 17.8  km  /sec,  the  resulting  velocity  is  always  negative. 
A  very  rapid  change  from  minimum  to  maximum  velocity  will  occur 
in  the  years  1938-1941,  and  it  will  be  of  great  value  to  secure  a 
number  of  good  spectrograms  at  that  time. 

^  Astronomical  Journal,  34,  127,  1922. 

^  Astronomische  Nachrichien,  216,  302,  1922. 
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Since  the  completion  of  the  preceding  work  in  April,  1923, 
special  experiments  have  been  made  by  the  writer  with  the  Bruce 
spectrograph  to  prove  that  the  observed  spectrum  of  9  Argus  was 
affected  by  the  light  of  the  brighter  component  only. 

It  is  now  proved  that,  in  a  composite  spectrum,  the  lines  of  the 
fainter  component  are  entirely  invisible  if  the  difference  in  bright- 
ness of  the  two  components  equals  or  exceeds  i.o  magnitude.  For 
a  difference  in  brightness  of  0.5  magnitude,  the  intensity  of  the 
lines  of  the  fainter  component  is  only  about  15  per  cent  of  the 
intensity  of  the  lines  of  the  brighter  star.  If  the  difference  in 
magnitude  of  _  the  two  components  of  a  close  double  star  is  less 
than  1.0  magnitude,  and  the  resolving  power  of  the  spectrograph 
not  suf&cient  for  separating  the  two  lines,  it  would  be  necessary  to 
apply  corrections,  to  the  measured  velocities,  for  the  effect  of 
blending  with  the  lines  of  the  fainter  component.  In  the  case  of 
9  Argus  the  difference  in  brightness  exceeds  i.o  magnitude  and  the 
correction  is  therefore  negligible. 

Yerkes  Observatory 
June  30,  1923 


A  DETER:MINATI0N  of  elm  FROM  MEASURE- 
MENTS OF  THE  ZEEMAN  EFFECT^ 

By  HAROLD  D.  BABCOCK 

ABSTRACT 

The  methods  used  in  the  determination  of  the  ratio  e/m. — Forty-nine  separate  values 
were  derived  from  spectroscopic  observations  of  the  Zeeman  effect,  wath  absolute 
measurements  of  the  magnetic  field-intensity.  About  40  lines  in  the  blue  region  of 
the  chromium  spectrum  were  most  frequently  used.  These  were  supplemented  by 
76  other  lines  of  chromium,  titanium,  zinc,  and  barium.  At  field-strengths  averaging 
about  30,000  gausses  the  separations  of  these  lines  were  measured  for  the  derivation  of 
the  normal  separation,  a.  A  wide  variety  of  types  of  separation  was  used,  but  most 
dependence  was  placed  on  lines  known  to  have  small  denominators  in  their  fractional 
relation  to  a.  Field  measurements  were  made  with  ballistic  galvanometer,  test  coil, 
and  mutual  inductance,  in  the  primar>'  circuit  of  which  a  known  current  could  be 
reversed.  The  uncertainty  affecting  each  factor  in  the  working  equation  is  discussed 
and  the  combined  effect  of  all  upon  the  result  is  derived.  The  chief  difficulty  in  this 
method  is  the  determination  of  a,  the  only  other  source  of  appreciable  error  being  the 
magnetic  area  of  the  test  coU. 

Weighted  mean  e/m. — The  final  result  from  all  the  observations  is  eA«  =  1.761  X  lo?, 
with  a  probable  error  of  one  part  in  1800  and  an  estimated  actual  uncertainty  of  2  or 
3  parts  in  1800. 

INTRODUCTION 

Among  the  numerous  determinations  which  have  been  made  of 
the  ratio  e/m  there  is  found  a  considerable  discrepancy.  Many 
of  the  older  observations  are  so  obviously  inaccurate  as  to  be  of 
little  value,  while,  CA'en  among  those  results  which  are  apparently 
the  best,  the  differences  are  objectionably  large.  Webster  and 
Page,^  using  Paschen's  data  for  hydrogen  and  helium  series,  find 
e/w=  1.7686X10^,  which  they  say  "is  probably  more  accurate 
than  any  other  determination."  They  do  not  give  the  probable 
error  of  this  result.  Birge,^  on  the  other  hand,  using  the  most 
recent  experimental  results  for  hydrogen  and  helium,  finds  e/m  = 
1.758X10'^,  with  a  probable  error  of  fully  0.5  per  cent.  He  points 
out  the  desirability  of  new  measurements  based  on  deflection 
methods  or  on  the  Zeeman  effect. 

^  Contributions  from  the  Mount  Wilson  Observatory,  No.  263. 
^  "A  General  Survey  of  the  Present  Status  of  the  Atomic  Structure  Problems," 
Bidletin  of  the  National  Research  Council,  2,  368  (No.  14),  192 1. 
^Nature,  11 1,  287,  1923. 
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The  observations  to  be  described  were  made  during  the  progress 
of  an  investigation  of  the  Zeeman  effect  for  iron,  chromium,  and 
vanadium  which  is  not  yet  pubhshed.  The  large  amount  of  observa- 
tional 'material  thus  collected  has  now  been  summarized,  and  this 
has  made  feasible  the  derivation  of  the  results  given  here. 

METHODS   AND   INSTRUMENTS 

From  the  fundamental  equation  for  the  Zeeman  effect  we  have : 

e  _47rF  AX 

where  £?'  =  in  tensity  .of  magnetic  field 

AX  =  separation  of  either  ?z-component  of  a  normal  triplet  of  wave- 
length X,  from  the  undisturbed  position  of  the  line. 
V  —  velocity  of  light  in  the  medium  in  which  AX  and  X  are  measured. 

The  quantity  AX/X^  will  be  replaced  throughout  this  paper  by 
the  symbol  a. 

The  procedure  which  has  been  followed  is  to  measure  a  for  a 
selected  group  of  lines  of  different  elements,  making  absolute  deter- 
minations of  H,  and  to  assume  for  V  the  value  2.9978 X  lo'"  cm/sec. 
In  their  important  paper  on  the  ratio  of  the  electromagnetic  to  the 
electrostatic  unit  of  the  electricity,  Rosa  and  Dorsey'  conclude  that 
the  most  probable  value  of  the  velocity  of  light  in  vacuo  is  2.9986 X 
io^°  cm/sec,  with  an  uncertainty  of  i  part  in  10,000.  The  index  of 
refraction  of  air  under  normal  conditions  for  X  4500  is  given  by 
Meggers  and  Peters^  as  1.00028.  Since  this  number  represents  the 
ratio  of  the  velocity  of  light  in  vacuo  to  its  velocity  in  air  with  suffi- 
cient accuracy  over  the  range  of  working  conditions  encountered 
in  the  present  work,  it  is  used  for  deriving  the  single  value  of  V 
which  enters  into  the  equation  for  evaluating  e/m. 

The  values  of  a  were  determined  from  photographs  made  with 
the  vertical  Littrow  spectrograph  in  the  Pasadena  Laboratory. 
Second-  and  third-order  spectra  were  used,  sometimes  at  the 
13-foot  (4  m)  focus,  but  nearly  always  at  the  30-foot  (9.2  cm)  focus. 
A  majority  of  the  observations  was  made  with  a  grating  ruled  by 

^Bulletin  of  the  Bureau  of  Standards,  3,  541,  1907. 
''Ibid.,  14,  731,  1919. 
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Anderson  at  the  Johns  Hopkins  University.  This  grating  has 
42,386  Hnes  and  was  found  to  give  its  theoretical  resolving  power  in 
the  second  and  third  orders.  Two  other  gratings,  one  ruled  by- 
Rowland  and  one  by  ^Nlichelson,  were  used  occasionally. 

The  slit  width  was  calculated  by  dividing  the  mean  wave-length 
for  a  given  photograph  by  the  angular  width  of  the  ruled  surface 
as  seen  from  the  slit.  This  giA-es  four  times  the  normal  sht  width 
as  defined  by  Schuster,^  and  proves  a  satisfactory  compromise 
between  the  opposing  claims  of  intensity  and  resolving  power. 

The  light  was  produced  by  the  discharge  of  a  condenser  suppHed 
with  power  from  an  alternating  current  transformer.  The  energy 
flowing  into  the  transformer  on  the  low-tension  side,  as  measured 
with  an  indicating  wattmeter,  was  never  less  than  one  kilowatt 
nor  more  than  one  and  one  quarter  kilowatts.  Inductance  was 
always  added  to  the  discharge  circuit  to  improve  the  sharpness  of 
the  spectral  lines  and  to  reduce  the  intensity  of  the  air  spectrum. 
The  spark  terminals  consisted  of  lumps  or  rods  of  metal  held  in  a 
non-magnetic  clamp.  Chromium,  titanium,  brass,  and  cadmium 
were  used.  In  sorhe  cases  the  two  terminals  were  different  but 
more  often  they  were  of  the  same  metal.  Occasionally  a  solution 
of  barium  bromide  was  dropped  upon  the  metal  termanals,  thus 
giving  the  strong  barium  line  X  4554  in  addition  to  the  spectrum 
of  the  terminals  themselves. 

Table  I  gives  the  lines  which  were  used  in  this  work,  the  elements 
to  which  they  belong,  and  the  fractions  which  indicate  the  part  of  a 
associated  with  each  component.  For  the  spectral  lines  under 
consideration  the  components  occur  in  pairs  symmetrical  about  the 
normal  position  of  the  line,  except  that  in  the  case  of  lines  having 
an  odd  number  of  -components  the  middle  /^-component  is  undis- 
placed. This  is  indicated  by  o  in  the  numerator  of  the  fraction. 
Parentheses  inclose  each  group  of  j^-components,  and  in  the  case  of 
Knes  having  normal  separation  the  denominator  2  is  arbitrarily 
assigned.  The  fraction  would  be  written  (0)2/2  for  lines  of  this 
kind.  The  sign  =^  is  always  understood  to  precede  the  fractions  as 
written. 

^  Astrophysical  Journal,  21,  207,  1Q05 
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To  illustrate  the  meaning  of  the  fractions  the  chromium  line 
X  4580.07  is  drawn  to  scale  in  Figure  i.  Lines  at  the  top  and 
bottom  of  the  diagram  indicate  the  position  of  the  line  in  the  absence 
of  the  magnetic  field.  The  /^-components  are  shown  separated 
from  the  ^-components  just  as  they  appear  upon  the  photographs 
described  below. 

Table  I  also  shows  the  number  of  plates  upon  which  each  line 
was  measured.  It  will  be  seen  that,  in  the  main,  chromium  lines 
having  small  denominators  were  used  between  the  wave-lengths 
X  3883  and  X  4752.  The  complex  types  having  sLx,  twelve,  or  more 
components,  when  suitable  for  measurement,  are  of  great  usefulness 
on  account  of  the  checks  they  afford  on  the  value  of  a  for  a  given 
plate,  and  also  because  they  increase  the  number  of  separate  values 
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Fig.  I. — Zeeman  effect  for  Cr  X4580 

obtainable.  Triple  lines  whose  separation  is  well  known,  but  differ- 
ent from  the  normal  interval,  are  just  as  useful  for  the  determination 
of  a  as  those  which  are  normal.  An  example  of  this  is  X  4613  of 
chromium,  which  is  an  excellent  triple  line  whose  separation  is 
50/2.  Such  lines  are  of  more  value  than  those  having  the  normal 
separation  because  the  percentage  error  in  the  value  of  a  derived 
from  them  is  less. 

With  regard  to  the  lines  in  Table  I  to  which  are  assigned  fractions 
having  large  denominators,  e.g.,  13,  17,  21,  it  may  be  said  that  the 
extended  investigation  of  the  Zeeman  effect  for  iron,  chromium,  and 
vanadium  referred  to  above  has  furnished  clear  evidence  for  the 
existence  of  these  denominators,  which  will  be  published  as  soon  as 
possible.  Upon  the  basis  of  11 77  lines  of  iron,  11 23  of  chromium, 
and  1462  of  vanadium,  for  which  the  Zeeman  effect  has  been  meas- 
ured, it  becomes  comparatively  easy  to  ascertain  the  reality  of  even 
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such  large  denominators  as  21.  It  will  be  observed,  however,  from 
an  inspection  of  Table  I,  that  these  large  denominators  play  a 
minor  part  in  the  present  investigation. 

In  selecting  lines  for  measurements  of  a  the  following  considera- 
tions were  kept  in  view:  definiteness  of  the  fractional  system  per- 
taining to  the  Hne,  sharpness  of  the  components,  and  absolute 
amount  of  their  separation  and  number  of  measurable  lines  occur- 
ring on  a  given  photograph.  It  is  not  feasible  to  use  the  fainter 
lines  on  account  of  circumstances  relating  to  exposure  time,  heating 
of  spark  terminals,  and  the  desirability  of  keeping  the  field  strength 
as  high  as  possible.  The  blue  and  violet  region  of  the  chromium 
spectrum  fulfils  the  conditions  satisfactorily. 

In  combining  the  separate  values  of  a  for  a  given  photograph, 
weights  were  assigned  depending  on  the  ease  of  measurement  and 
the  absolute  separation  of  the  components.  The  probable  error 
of  the  weighted  means  thus  derived  shows  that  when  40  or  50 
separate  measurements  of  a  are  combined,  the  result  for  the  plate 
has  an  uncertainty  of  about  i  part  in  600. 

The  measured  displacements  of  the  magnetically  separated 
components  were  reduced  to  angstroms  by  means  of  a  series  of 
curves  obtained  from  measurements  on  iron  lines  of  known  wave- 
length. The  same  spectrographic  adjustments  were  used  for  these 
lines  as  in  the  general  study  of  the  Zeeman  effect,  the  source  being 
an  iron  arc. 

The  magnetic  field  was  supplied  by  a  large  oil-  and  water-cooled 
magnet  designed  by  Weiss,  which  has  already  been  described.^ 
Examination  of  the  performance  of  the  magnet  under  actual  work- 
ing conditions  showed  that  for  the  portion  of  the  magnetization 
curve  employed  in  this  work  no  appreciable  error  is  introduced 
by  breaking  the  magnetizing  current  during  an  exposure,  or  between 
the  exposure  and  the  measurement  of  the  magnetic  field-strength. 
The  control  of  the  magnetizing  current  was  accomplished  by  means 
of  a  fine  adjustment  of  the  voltage  of  the  generator  which  supplied 
the  power,  the  current  being  measured  and  kept  constant  through- 
out each  exposure  by  means  of  a  sensitive  ammeter.     For  different 

'  Annual  Report,  Mt.  Wilson  Observatory,  Year  Book  Carnegie  Institution  of 
Washington,  No.  11,  1912,  p.  202. 
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observations  the  current  ranged  between  35  and  70  amperes,  while 
the  air  gap  in  the  magnetic  circuit  was  from  7  to  12  mm.  The 
lowest  field-strength  used  was  24,290  gausses,  the  highest  31,880 
gausses.  The  magnet  is  so  mounted  that  the  beam  of  light  may 
traverse  the  field  either  at  right  angles  or  parallel  to  the  lines  of 
force.  Both  arrangements  w^re  used,  but  the  former  more  fre- 
quently, since  it  has  the  advantage  of  giving  all  the  components  into 
which  a  line  may  be  divided.  It  has,  however,  the  disadvantage 
of  reducing  the  ;i-components  to  one-half  the  intensity  which  they 
have  when  viewed  along  the  lines  of  magnetic  force.  It  was  cus- 
tomary, when  working  with  light  perpendicular  to  the  field,  to  sepa- 
rate the  p-  and  w-components  along  the  length  of  the  slit  by  placing  a 
nicol  prism  before  the  slit  with  an  orientation  such  as  to  transmit  one 
group  of  components  and  suppress  the  other.  One-half  the  nicol 
and  a  corresponding  segment  of  the  slit  were  then  covered  by  a  half- 
wave  plate  of  mica,  with  its  axis  inclined  45°  to  the  slit.  The 
combination  of  half-wave  plate  and  nicol  transmitted  the  group  of 
components  extinguished  by  the  nicol  alone,  so  that  both  groups 
could  be  simultaneously  photographed.  In  the  case  of  light  parallel 
to  the  field  no  analyzer  was  required,  since  the  ^-components  alone 
were  visible  and  there  was  no  occasion  for  distinguishing  between 
the  two  states  of  circular  polarization  presented. 

Measurements  of  the  field-intensity  were  made  by  removing 
from  the  air  gap  a  very  small  test  coil  which  was  connected  in 
series  with  a  long-period  ballistic  galvanometer,  a  manganin  resist- 
ance of  20,000  ohms,  and  the  secondary  circuit  of  a  mutual  induct- 
ance. Galvanometer  deflections  of  opposite  sign  were  obtained  by 
inverting  the  test  coil  between  successive  withdrawals.  This 
method  was  found  preferable  to  that  of  inverting  the  coil  in  the 
field,  on  account  of  the  smallness  of  the  air  gap  in  which  the  coil  had 
to  be  placed.  The  series  of  deflections  thus  secured  was  inter- 
mingled with  another  series  obtained  by  reversing  known  currents 
in  the  primary  of  the  mutual  inductance  while  the  test  coil  was 
stationary  outside  of  the  field  of  the  magnet.  The  current  which 
would  give  the  same  deflection  as  that  produced  by  the  test  coil 
could  then  be  found  by  interpolation. 

Let  /  represent  this  current  expressed  in  c.g.s.  units,  M,  the 
mutual  inductance  in  centimeters,  and  /,  the  magnetic  area  of  the 
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test  coil  in  square  centimeters;   the  field-strength,  H,  is  then  given 

by  the  expression 

„     2MI 

H  =  — —  gausses. 

The  factor  2  is  required  by  the  fact  that  I  is  reversed  in  direction, 
while  the  test  coil  is  not  inverted  but  merely  withdrawn  from  the 
field.  Since  nearly  all  the  resistance  in  the  ballistic  galvanometer 
circuit  was  of  manganin,  no  correction  was  needed  for  the  small 
changes  of  temperature  which  occurred  during  a  series  of  measure- 
ments. '  This  high  resistance  also  made  unnecessary  any  correction 
for  damping  for  such  a  range  of  deflections  as  was  used. 

The  mutual  inductance  was  designed  for  these  measurements. 
It  was  sent  to  the  Bureau  of  Standards  for  certification,  where  its 
value  was  found  to  be  3.918  milUhenrys.  Its  construction  is  such 
as  to  insure  a  high  degree  of  permanence  in  this  value.  The  two 
circuits  were  wound  simultaneously  with  their  respective  wires  side 
by  side,  so  that  the  mutual  inductance  is  nearly  equal  to  the  self- 
inductance  of  each  circuit.  The  spool  on  which  the  wire  is  w^ound 
is  made  of  seasoned  mahogany.  The  terminals  are  small  and  as  far 
from  the  region  of  concentrated  magnetic  field  as  possible.  When 
in  use  the  coil  was  supported  upon  dry  wood  well  away  from  metallic 
objects  and  far  beyond  the  influence  of  the  large  magnet  whose 
field-strength  was  being  measured. 

A  second  mutual  inductance  whose  value  was  obtained  by  com- 
parison wdth  that  described  above,  and  by  independent  measure- 
ments in  terms  of  a  known  capacity  and  known  resistance  according 
to  the  Carey-Foster  method,  was  used  for  part  of  the  observations. 
It  is  of  similar  construction  and  has  a  mutual  inductance  of  17.25 
miUihenrys. 

Two  test  coils  were  used  in  the  direct  observations  while  five 
other  auxiliary  coils  were  employed  in  determining  the  magnetic 
areas.  The  two  principal  coils  have  magnetic  areas  of  14.112 
sq.  cm  and  7.434  sq.  cm,  respectively.  They  are  wound  on  ivory 
spools  and  have  several  layers  of  No.  40  enameled  copper  wire. 
The  dimensions  of  the  spools  and  of  each  layer  of  wire  were  meas- 
ured during  their  construction  by  mounting  them  under  the  micro- 
scope of  a  measuring  machine.  From  the  number  of  turns  in  each 
layer  and  the  mean  diameters  the  effective  areas  could  be  calculated. 
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The  screw  of  the  measuring  machine  was  standardized  by  means  of 
a  precision  scale  ruled  upon  glass,  calibrated  and  certified  by  the 
Bureau  of  Standards.  Independent  determinations  of  the  areas 
were  then  made  by  intercomparing  these  coils  with  the  five  auxiliary 
coils,  which  were  all  single  layer  coils  whose  areas  could  be  calculated 
with  higher  accuracy  than  is  possible  with  multiple  layer  coils. 
In  order  to  make  the  areas  of  the  single-layer  auxiliary  coils  nearly 
equal  to  those  of  the  multiple-layer  coils,  which  is  desirable  for 
reducing  the  errors  of  comparison,  their  diameters  were  increased. 
On  account  of  their  large  volume  the  single-layer  coils  were  not 
suited  to  direct  measures  on  concentrated  fields. 

For  comparing  the  areas  of  different  types  of  coils  the  following 
plan  was  adopted.  The  two  coils  to  be  compared  were  temporarily 
fastened  together  and  connected  in  series  with  each  other  and  with 
the  ballistic  galvanometer  and  a  suitable  high  resistance.  They 
were  then  placed  in  a  uniform  magnetic  field  of  sufficient  intensity, 
obtained  from  the  Weiss  magnet  by  using  an  air  gap  of  30  mm 
between  circular  pole  faces  50  mm  in  diameter.  The  coils  were 
placed  in  position  near  the  center  of  the  field  and,  after  quieting  the 
galvanometer,  were  quickly  withdrawn  and  the  ballistic  deflection 
was  read.  They  were  then  inverted  and  a  corresponding  deflection 
of  opposite  sign  was  observed.  After  recording  a  series  of  such 
deflections,  the  terminals  of  one  of  the  two  test  coils  were  reversed 
and  the  series  was  repeated.  The  amplitude  of  the  deflections 
depends  on  the  direction  of  the  respective  windings  of  the  two  coils, 
and  will  be  proportional  to  either  the  sum  or  the  difference  of  their 
magnetic  areas.  Simple  combinations  of  the  observations,  there- 
fore, give  the  ratio  of  the  areas  of  the  two  coils. 

This  method  was  extended  by  connecting  three  test  coils  in 
series  instead  of  two,  each  one  of  the  coils  in  turn  being  kept  outside 
of  the  magnetic  field  whfle  the  other  two  were  used  as  described 
above.  The  ratio  of  a  given  pair  of  areas  was  in  this  way  measured 
directly  as  well  as  indirectly,  thus  affording  a  useful  check  on  the 
accuracy.  The  calculated  and  observed  areas  agree  within  the 
range  indicated  by  their  probable  errors.  It  is  thought  that  the 
mean  area  of  the  two  coils  used  for  the  final  measurements  may  be 
relied  upon  to  i  part  in  1500. 
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The  constants  M  and  /  being  evaluated,  consider  now  the  meas- 
urement of  the  variable  quantity,  /,  the  current  which  is  reversed 
in  the  primary  circuit  of  the  mutual  inductance.  At  the  beginning 
of  the  investigation  this  current  was  measured  simultaneously  by 
two  separate  instruments,  a  high-grade  direct-reading  ammeter, 
and  a  galvanometer  with  low-resistance  shunt.  These  instru- 
ments were  standardized  by  comparison  with  a  silver  voltameter, 
observing  the  usual  precautions  required  in  this  operation. 

A  more  satisfactory  method  was  soon  adopted,  however,  whereby 
the  galvanometer  was  used  only  as  a  null  reading  indicator,  thus 
avoiding  the  necessity  for  frequent  standardization  and  at  the  same 
time  securing  higher  accuracy.  The  current  to  be  measured  was 
passed  through  a  standard  lo-ohm  resistance  coil  shunted  by  an 
adjustable  resistance  whose  value  was  accurately  known.  The 
fall  of  potential  across  this  combination  was  measured  by  opposing 
it  to  that  of  a  Weston  Standard  cell  with  galvanometer  in  series,  as 
in  the  ordinary  potentiometer  method.  For  each  chosen  value  of 
the  adjustable  resistance  the  current  flowing  through  the  primary 
of  the  mutual  inductance  was  varied  until  the  galvanometer  in 
series  with  the  standard  cell  showed  no  deflection,  whereupon 
the  direction  of  the  current  through  the  mutual  inductance  was 
reversed  by  a  quick-acting  switch  and  the  ballistic  deflection  was 
read.  From  the  known  values  of  the  resistance  and  of  the  voltage 
of  the  standard  cell  the  corresponding  values  of  the  current  were 
derived  by  Ohm's  law. 

Two  standard  cells  of  the  Weston  type  were  used."  One  has  for 
its  electrolyte  a  solution  of  cadmium  sulphate  which  is  saturated  at 
-|-4°  C,  while  the  other  has  an  excess  of  cadmium  sulphate  crystals. 
The  former  cell  was  standardized  at  the  Physikalisch-Technische 
Reichsanstalt  and  later  both  ceUs  were  compared  with  a  new  Weston 
cell  having  a  manufacturer's  certificate.  The  mean  e.m.f.  of  the 
two  cells  was  1.0183  international  volts.  The  temperature  coefii- 
cients  are  negligible  over  the  range  of  temperatures  at  which  the 
observations  were  made. 

The  ballistic  galvanometer  has  a  resistance  of  about  2100  ohms 
and  a  period  of  16  seconds.  It  is  of  the  moving-coil  type  and  was 
used  at  a  scale  distance  of  4  meters  with  an  observing  telescope 
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giving  a  magnification  of  36  diameters.  Under  these  conditions 
the  balHstic  sensitivity  of  the  galvanometer  was  6  X  io~''°  coulombs 
per  milUmeter  of  deflection.  The  galvanometer  used  in  the  poten- 
tiometer circuit  was  sufficiently  sensitive  to  show  variations  amount- 
ing to  a  few  parts  in  100,000  in  the  current  passing  through  the 
standard  resistance. 

The  standard  lo-ohm  coil  used  in  this  wotk  was  constructed  by 
Otto  Wolff  according  to  the  specifications  developed  by  the  Bureau 
of  Standards.^  No  correction  was  required  for  temperature.  The 
shunt  in  parallel  with  the  standard  coil  was  taken  from  a  box  of 
high-quality  manganin  resistances  which  was  calibrated  in  terms 
of  the  lo-ohm  standard. 

An  examination  of  the  combined  effect  of  the  uncertainties  in 
the  e.m.f.  of  the  standard  cell  and  in  the  resistance  shows  that  the 
probable  error  of  the  current  can  hardly  exceed  i  part  in  5000. 

It  is  well  known  that  with  magnetic  fields  such  as  those  used  in 
this  work  the  intensity  varies  considerably  from  point  to  point 
within  the  air  gap.  This  effect  may  easily  be  shown  either  by  a 
suitable  exploring  device  such  as  a  small  bismuth  spiral,  or  by  means 
of  the  Zeeman  effect  itself.  In  order  to  avoid  as  far  as  possible  the 
effects  of  this  non-uniformity  of  the  field,  the  spectrograph  slit  was 
placed  at  right  angles  to  the  direction  of  the  magnetic  field  and  was 
kept  rather  short.  As  a  result  the  spectral  lines  appeared  straight 
on  the  photographs.  When  the  field-strength  is  measured  with  a 
test  coil,  however,  the  volume  occupied  by  the  coil  makes  a  certain 
amount  of  integration  inevitable.  In  order  to  correct  for  the 
difference  between  the  field  which  was  effective  for  the  photographs 
and  that  which  was  measured,  it  was  necessary  to  map  the  intensity 
from  pole  to  pole  across  the  air  gap  over  an  area  equivalent  to  the 
cross-section  of  the  test  coil.  The  bismuth  spiral,  although  not 
well  adapted  to  precise  absolute  determinations  of  magnetic 
intensity,  is  nearly  ideal  for  such  relative  measurements  as  are 
required  for  this  purpose.  It  was  mounted  with  its  plane  parallel 
to  the  pole  faces  of  the  magnet  and  was  moved  by  successive  small 
steps  across  the  air  gap,  its  resistance  being  read  at  each  point. 

'  Bulletin  of  the  Bureau  of  Standards,  5,  413,  1908-1909. 
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The  resulting  curves  of  field-strength  as  a  function  of  position  in 
the  air  gap  were  then  plotted  and  mechanically  integrated  over  the 
volume  occupied  by  the  test  coil  in  order  to  find  the  desired  cor- 
rection.    This  quantity  was  generally  175  or  200  gausses. 
Since,  as  stated  above, 

e  _4iraV 
m~    H     ' 

and 

the  working  equation  is 

e  _  2TraVf 
m"  MI 

To  determine  the  combined  effect  of  the  uncertainties  of  the  various 
factors  on  the  resulting  value  of  e/m,  the  following  values,  which 
closely  represent  those  actually  occurring  in  the  observations,  were 
assigned  arbitrarily.  The  appended  quantities  are  probable  errors, 
for  a  single  photograph  in  the  case  of  a,  and  for  a  single  complete 
determination  of  the  field-strength  in  the  case  of  I. 

a=i. 230=^0.002 cm~^ 

D=  (2. 9978 ±0.0003)10'° cm/sec 

/=  14. 112 ±0.0093 cm^ 

if  =(3.918^0.0005)10^ cm 

7=  (o.475o±o.oooi)io~^ c.g.s. 

Let  i?  =  probable  error  of  e/m.     Then,  by  the  usual  equation  for 
the  propagation  of  errors. 


=  hj^l  ^  v.n-64- )  'JL^i  I  ^v..x.  4-  i  ^^ 


10 


"""Iml  ^X'°"'+iT«f  5X10"+^^^  8.6XX0- 

(  2Travf  \  2  (  2iravf  } 

Evaluating  the  successive  terms  in  this  expression,  we  find 

i?'=  (8. 164-0.03-1- 1. 33+0. 05+0. 14)  X  10^  =  9. 71X10^ 
and 

R=  ±3X104=  ±0.003X10^ 


—10 
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Since  the  value  of  e/m  is  approximately  1.76  X  lo'^,  the  percentage 
probable  error  of  the  result  derived  from  a  single  photograph  is  i 
part  in  600,  which  is  the  same  as  that  for  the  corresponding  deter- 
mination of  a.  The  uncertainties  of  the  other  factors  in  the  equa- 
tion are  negligible  except  in  the  case  of  the  magnetic  area  of  the  test 
coil,  which  contributes,  however,  only  one-seventh  of  R\ 

Table  II  shows  the  results  of  all  the  measurements  made.  The 
weight  assigned  to  each  value  of  e/m  depends  on  the  sum  of  the 
weights  for  the  individual  observations  of  a  on  the  corresponding 
photograph.  Among  the  first  12  plates,  the  weights  were  in  some 
cases  reduced  from  2  to  i  because  of  the  less  accurate  method  used 

TABLE  II 


Plate  No. 


3 

4 

S 

6 

7 

8 

9 

10 

II 

12 

13 

14 

IS 
16 
17 
18 
19 
20 
21 
22 
23 
24 

25 


1.352 
1.346 
1.360 
1.274 
1.287 
1.284 
1. 281 
1.385 

1.423 
1 .411 
1.306 

1-341 
1.485 
1.494 
1.487 
1-477 
1.490 
1-475 
1.498 
1.464 
1.48s 
1.483 
1.490 
1.484 
1.490 


29030 
29030 
29030 
27670 
27670 
26950 
26950 
29360 
30300 
30300 
27660 
28320 
31810 
3iSio 
31810 
31810 
31810 
31810 
31810 
31810 
31810 
31810 
31810 
31S10 
31810 


e/m 


7543 
7465 
7647 
7344 
7521 
7946 
7904 
7769 
7690 
7542 
7786 
7837 
7586 
7693 
7610 
7572 
7646 
7468 
7740 
7338 
7586 
7563 
7646 
7575 
7646 


\Vt. 


Plate  No 

26 

27 

28 

29 

30 

31 

32 

3i 

34 

35 

36 

37 

38 

39.-.  - 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 


1-243 
1.234 
1.228 
1 .229 
1.233 
1-233 
1.236 
1 .241 

1 .241 
1-143 
1-I4S 
I -138 
1-243 
1.236 
1.239 
1.238 

1 .242 
1 .242 
1-235 
1.236 
1.232 
1 .242 
1.248 


H 


31810 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
24290 
24290 
24290 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 
26500 


e/m 


1.7598 
1.7670 
1-7542 
1-7457 
1.7471 
1-7528 
1.7528 
1.7571 
1 .7642 
1.7642 
1.7727 
1.7758 
1.7649 
1 -7670 
1-7571 
1.7613 
1-7599 
1.7656 
1.7656 
1.7556 
1-7571 
1-7514 
I -7656 
I-774I 


Wt. 


for  measuring  the  current  in  the  mutual  inductance.  The  most 
probable  value  of  e/m  is  the  weighted  mean  of  all  the  determina- 
tions.    This  is  found  to  be 


m 


=  1.761X107 


with  a  probable  error  of  i  part  in  1800. 

It  would  be  manifestly  unfair  to  give  each  observation  the  same 
weight,  on  account  of  the  variation  in  the  amount  of  data  involved, 
but  it  is  interesting  to  note  that,  if  they  are  combined  in  this  manner, 
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the  mean  becomes  1.762X10^  This  indicates  that  within  fairly- 
wide  limits  no  great  importance  attaches  to  the  weight  assigned. 

As  noted  above,  the  probable  error  of  the  weighted  mean  is  i 
part  in  1800.  From  this  and  the  preceding  analysis  of  the  uncer- 
tainty of  e/m  as  dependent  on  the  various  factors  involved,  con- 
sidered in  connection  with  the  amount  of  observ^ational  material,  it 
appears  reasonable  to  believe  that  the  actual  uncertainty  in  the 
final  value  of  e/7n  is  not  more  than  2  or  3  parts  in  1800. 

This  conclusion  is  supported  by  the  recent  work  of  Birge^  on 
the  value  of  the  Planck  constant  //.     Using  the  value 

elm=  1.761X10^, 

he  finds 

/z  =  6. 556X10-^7 

while  the  most  probable  value  of  //,  which  he  derives  by  seven 
different  methods,  using  revised  data,  is 

A  =  6. 557X10"^^ 

Although  it  is  thought  that  the  value  of  e[m  found  here  may 
properly  claim  considerable  accuracy,  further  improvements  now 
seem  quite  possible.  Inasmuch  as  the  chief  difficulty  lies  in  the 
determination  of  a,  it  is  evident  that  the  use  of  much  higher  resoMng 
power  would  yield  a  marked  gain.  In  addition,  a  more  extended 
list  of  spectral  lines  is  now  available  for  which  fractional  separations 
are  sufficiently  well  known  to  make  them  useful.  Since  the  com- 
pletion of  the  observations  described  here,  a  powerful  solenoid^ 
capable  of  furnishing  fields  of  35,000  gausses  has  been  constructed 
in  the  instrument  shop  of  the  ObserA^atory.  With  this  instrument 
and  the  other  improvements  referred  to,  it  is  hoped  that  in  the  future 
our  knowledge  of  e/m  may  be  still  further  increased. 

jMy  grateful  acknowledgments  are  due  to  ]\Iiss  Lois  ]M.  Keener 
and  several  former  members  of  the  Computing  Division  for  much 
assistance  in  the  measurements  and  reductions  involved  in  this 
work. 

^Nature,  iii,  811,  1923;  Physical  Review,  14,  361,  1919. 

2  Annual  Report,  Mt.  Wilson  Observatory,   Year  Book  Carnegie  Institution  of 

Washington,  No.  18,  1919,  pp.  220,  251;  ibid.,  No.  19,  1920,  p.  256;  ibid.,  No.  20,  1921, 
p.  285. 
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PHOTOMETRIC  STUDIES  OF  SZ  HERCULIS  AND 
RS  VULPECULAE 

By  RAYMOND  S.  DUGAN 

ABSTRACT 

Studies  of  the  eclipsing  variables  SZ  Hercidis  and  RS  Vulpeculae  with  the  polarizing 
photometer  have  been  carried  out  and  the  mean  light  curves  of  these  stars  have  been 
drawn  and  discussed.  The  probable  error  of  a  single  observation  with  the  comparison 
star  +33  "2925  is  ±o¥o26.  New  light  elements  are  given,  also  tables  of  normals  and 
plotted  light  curves.  For  both  stars  the  uniform  curve  represents  the  observ^ations 
better  than  the  darkened.  The  spectroscopic  observations  aided  in  the  selection  of 
the  correct  interpretation  of  the  light  curve  of  RS  Vulpeculae.  Orbital  elements  and 
other  data  are  summarized. 

The  variability  of  star' +33° 2 g 31,  one  of  the  comparison  stars  of  SZ  Herculis,  is 
apparent  from  the  distribution  of  the  residuals. 

SZ  Herculis  (1900,  a  =  i7''36^^o,  5=+33°i',  lo^^o). — Observa- 
tion of  this  star  was  begun  in  191 5.  At  that  time  sufficient 
observations  had  not  been  made  during  primary  minimiun  to 
define  this  part  of  the  Hght  curve  satisfactorily.  Very  few  observa- 
tions had  been  made  when  the  star  was  free  from  ecHpse  and 
nothing  was  known  concerning  the  secondary  minimum.  The 
star  A=+33°293i  proved  to  be  variable  over  a  small  range. 
The  observations  are  not  sufficient  to  determine  the  nature  of  the 
variation.  The  other  comparison  star,  B  =  +33°2925,  showed  no 
variation.  The  distribution  of  the  residuals  of  the  B-V  observa- 
tions is  quite  normal,  while  the  non-accidental  occurrence  of  the 
A-V  observations  is  apparent.  These  conclusions  are  represented 
also  by  the  size  of  the  probable  errors, 

=t  0^026  for  a  B-V  observation, 
±0^^042  for  an  A-V  observation. 

The  B-V  observ^ations  are  not  sufficiently  numerous  to  inde- 
pendently determine  all  parts  of  the  curve.  In  order  to  make  use 
of  the  A-V  observations,  a  preliminary  solution  was  made  of  the 
B-V  observations  and  values  for  ellipticity  and  reflection  assumed 
on  the  basis  of  the  values  of  the  relative  dimensions  thus  secured. 
The  secondary  is  well  defined  by  the  B-V  observations.  Residuals 
of  the  A-V  observations  from  this  provisional  theoretical  curve 
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were  read  off  and  their  average  value  on  each  night  appUed  to  the 
A-V  observations  of  that  night.     The  final  values  of  the  ellipticity 
and  reflection  coefficients  are  somewhat  affected  by  this  procedure 
and  should  not  be  used  in  any  general  discussion  of  these  effects. 
The  newly  determined  heHocentric  elements  are 

'  Min.  =  J.D.  2418495.406+0^8180972  £. 

The  letter  following  the  current  number  in  the  table  of  normals 
indicates  the  comparison  star  used.     The  sum  of  the  weights  of  the 
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SZ       HERCULIS. 

Fig.  2. — Mean  light  curve  of  SZ  Herculis.  Single  observations  plotted.  Theoret- 
ical "uniform"  curve  drawn  out. 

observations  in  a  normal  is  reduced  by  a  factor  which  is  unity  when 
no  two  observations  in  the  normal  were  made  on  the  same  night 
and  is  0.5  when  all  the  observations  were  made  on  one  night.  0-C 
is  the  deviation  of  the  observed  normal  from  the  final  computed 
curve. 

In  Figure  2  the  individual  observations  are  plotted  and  the  ac- 
cepted theoretical  curve  drawn  out. 

The  solution  assumes  stars  presenting  uniformly  illuminated 
disks.     No  satisfactory  "totally  darkened"  solution  was  found. 
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RS  Vulpeculae  {a  =  ig^i^'^4,  5-+22°i6',  7°^o,  B8,  B9).— This 
star  was  observed  on  63  nights  between  October,  19 19  and  December, 
1922.  It  was  necessary  to  cover  thoroughly  the  primary  and  the 
region  of  a  possible  secondary  minimum  and  a  few  points  between 
ecKpses. 
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-5  0  +5  ro  0.15"^ 

RS  VULPECULAE     b-v 


Fig.  3. — Distribution  of  residuals  of  observations  of  RS  Vulpeculae.  An 
apparently  normal  distribution  giving  no  evidence  of  any  variation  of  the  com- 
parison star. 


New  light  elements  were  adopted  as  follows : 

Min.  =  J.D.  2420606. 6226+4'?477666  E. 

Comparison  star  &=+22°3644  was  used  throughout  the  series 
and  gave  no  indication  of  being  itself  a  variable.  The  probable 
error  of  a  single  observation  is  zbo^^o26. 
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The  curv^e  drawn  through  the  normals  is  the  final  curve  of  the 
uniform  solution  of  partial  eclipse.  The  variation  in  brightness 
when  the  system  is  free  of  echpse  and  during  secondary  minimum, 
in  the  lower  part  of  the  figure,  has  been  exaggerated  by  increasing 
the  magnitude  scale  and  compressing  the  time  scale.  The  two 
minima  are  drawn  the  same  length. 
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Fig.  4. — Mean  light  curve  of  RS  Vulpeculae.     Normals  plotted, 
"uniform"  curve  drawn  out. 


Theoretical 


The  ellipticity  and  reflection  coefficients  are  well  determined 
by  the  observations  and  the  secondary  minimum  is  clearly  outlined. 

The  change  in  brightness  at  bottom  of  primary  minimum  is 
very  gradual.  One  would  hardly  quarrel  with  the  assertion  that  the 
light  is  constant  for  an  hour  or  so.  The  interpretation  of  primary 
minimimi  as  a  total  ecHpse  is  not  consistent  with  the  value  of  the 
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ratio  of  diameters  and  the  depth  of  secondary  minimum.  Plaskett's 
statement  that  the  spectral  Unes  of  the  faint  component  are  visible 
and  about  one-fourth  as  strong  as  those  of  the  bright  component 
makes  it  impossible  to  accept  the  interpretation  of  primary  minimum 
as  an  annular  eclipse.  If  it  were  not  for  the  spectrographic  evi- 
dence one  might  be  almost  content  with  the  representation  of  the 

SUMMARY  OF  RESULTS 


SZ  HercuUs 


RS  Vulpeculae 


Nature  of  each  eclipse 

Duration  of  each  eclipse 

Magnitude  at  maximum 

Magnitude  at  primary  minimum 

Magnitude  at  secondary  minimum 

Loss  of  light  at  primary,  due  to  eclipse 

Loss  of  light  at  secondary,  due  to  eclipse 

Displacement  of  secondary  minirrmm 

Inclination  of  orbit  plane 

Ratio  of  radii  of  two  stars 

Ratio  of  axes  of  each  star 

Fraction  of  surface  of  brighter  star  covered  at  primary 

minimum 

Difference  in  intensity  of  sides  of  fainter  star 

Light  of  brighter  star 

Light  of  bright  side  of  faint  star 

Ratio  of  surface  brightness 

Max.  radius  of  brighter  star 

Max.  radius  of  fainter  star 

Distance  of  centers 

Mass  of  brighter  star 

Mass  of  fainter  star 

Density  of  brighter  star 

Density  of  fainter  star 

*  Distance  of  centers  is  unity. 

t  Mass  of  each  component  assumed  equal  to  mass  of  sun. 

t  Assumed. 


Partial 

4I130" 
10.  o 
II. 8 
10.2 

1M64 


88  V4 
0.960 
0.965 

0.977 

0.030 

0.800 

0.200 

4.0 
/0-3295* 
\i.50t 
/0.3432* 
\i.60t 

4.60t 

i.4t 

o.6t 

0.38 

o.  16 


Partial 

7.0 
8.0 
7-1 

0^97 
o¥o8 

79?o 
0.765 
0.984 

0.636 
0.078 
0.804 
o.  196 

4-1 

0.2045* 
4-27O 
0.2674'' 
5580 
20. 86© 

4.590 
1.44O 
0.060 
0.008 


observations  on  this  hypothesis.  There  remains  the  case  of  partial 
eclipse.  The  theoretical  curve  fits  the  observations  very  satis- 
factorily.    Again  there  is  no  evidence  of  darkening  at  the  limb. 

The  secondary  is  displaced  toward  the  following  primary  about 
i|  hours.  Plaskett's  spectroscopic  orbit,  of  which  the  eccentricity 
is  but  0.05,  would  require  a  shift  of  about  two  hours  in  the  opposite 
direction.     Otherwise  the  light  curve  is  sensibly  symmetrical. 
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Norm.  No. 

iB 

lA 

2A 

3A 

4A 

2B 

3B 

SA 

4B 

6A 

5B 

7A 

8A 

6B 

9A 

7B 

loA 

iiA 

12A 

8B 

13A 

9B 

14A 

loB 

15A 

16A 

iiB 

17A 

18A 

I2B 

19A 

20A 

13B 

14B 

15B 

21A 

16B 

17B 

22A 

23A 

24A 

25A 

26A 

18B 

27A 


Phase 


—  2''26n'63 

20.30 
2  1.20 
I  48.90 

38.90 

33-5° 

20.30 

19.88 

6.50 

I     3-5° 

o  53-75 
49-33 

-  35-38 
30-50 
22.00 

17-25 
14.00 

-  o     3.13 
+  o  11.75 

29-75 

35-50 

0  43-63 

1  1 .50 

7-63 

13-38 


24.20 

26.83 

36.40 

44.60 

49.10 

1  56.40 

2  11-33 
17.70 
35-00 

2  59.40 

3  19-33 
32-30 

3  58-63 

4  47-05 

5  14-28 

6  43.90 

6  59-60 

7  10.80 
19-50 

7  21 . 10 


+ 


\Vt. 


2-5 

3-5 
4 
4 
4 


2-5 

2 

1-5 

I 

i-S 


1-5 
1-5 
-5 
3 

1-5 

2 

3 

2 

3-5 

4 
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2-5 

4 
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3 
3-5 

2-5 

3 
3-5 


1-5 

3 
4 

4-5 
3-5 

4-5 


V-B 


o"ooo 

+0.077 
+0.047 
+0.097 
+0.I3I 

+d.  122 
+0.248 
+0.205 
+0.379 
+0.374 

+0.563 
+0.618 
+0.892 

+  I-043 
+  1.168 

+  1-293 
+  1.426 
+  1.726 
+  1-508 
+0.875 

+0.77S 
■f  0.708 

+0.479 
+0.355 
+0.341 

+0.233 
+0.208 
+0.172 
+0.096 
+0.080 

+0.039 
+0.001 
+0.016 
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-0.085 

-0.039 
-0.025 
-0.035 
—0.070 
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—  0.022 

—  o . 004 

—  0.027 
+0.015 

—  0.029 


0-C 


+0 
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+ 

89 

+ 

24 

+ 

24 

+ 

2 

- 

39 

— 

II 

- 

58 

— 

20 

— 

59 

+ 

4 

+ 

I 

+ 

32 

+ 

78 

+ 

13 

0 

+ 
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— 
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+ 

48 
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— 
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— 

6 

+ 

23 

— 
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Phase 


Wt. 


V-B 


0-C 


+  7^29" 

80 

39 

20 

43 

39 

49 

50 

7 

54 

80 

8 

3 

50 

II 

80 

22 

00 

38 
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57 

93 

8 

59 

70 

9 

20 

00 

21 

00 

31 

70 

37 

70 

43 

50 

50 

2,2, 

55 

50 

9 
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10 

3 

50 

10 

80 

14 

20 

21 

10 

32 

80 

34 

72 

45 

80 

10 

55 

60 

II 

4 
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50 

83 

II 

59 

25 

12 

26 

88 

12 

31 
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44 

50 

12 

57 

30 

13 

24 

10 

28 

•50 

i.S 

35 

70 

43 

.60 

52 

.60 

13 

59 

.60 

14 

lb 

.70 

22 

■2,3 

14  35 
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15 

40 
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+  16 

54 
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4 
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5 
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4 
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4 
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5 
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5 
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4 

4 
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3 

4 
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4 
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4 
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3 

4 
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4 

3 
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4.5 

4 
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4 
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+0.002 
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—  0.066 

-0.039 
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—  0.022 
-0.065 
—0.048 
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-0.031 

—  0.049 

—  0.028 
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—  0.023 
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-0.037 
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3 

0 

- 

15 

— 

33 

— 

18 

— 

3 

+ 

8 

— 

7 

+ 

3 

— 

7 

+ 

2 

+ 

23 

-   35 


+ 

9 

+ 

14 

— 

4 

+ 

4 

— 

9 

+ 

4 

+ 

13 

— 

17 

+ 

14 

0 

+ 

28 

+ 

8 

+ 

45 

+ 

23 

+ 

29 

+ 

20 

— 

28 

— 

I 

— 

12 

+ 

19 

— 

21 

— 

3 

— 

4 

+ 

15 

— 

3 

+ 

18 

— 

22 

+ 

22 

— 

39 

— 

2 

+0 

014 

172 


RAYMOND  S.  DUGAN 
TABLE  OF  NORMALS.     RS  VULPECULAE 


Norm.  No. 


Phase 


Wt. 


b-v 


0-C 


I . 

2. 

3- 
4- 
$■ 

6. 

7- 
8. 

9- 
10. 

II. 
12. 
13- 
14- 
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16. 
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28. 
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36. 
37- 
38. 
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40. 

41- 
42. 
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44- 
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8  34 
8  19 
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7  II 

6  58 

6  43 
6  28 
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1  35 

2  2 
2  17 
2  41 
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I  013 
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0.496 
0.413 
0.375 
0.310 
0.275 

0.236 
o.  172 
0.203 
0.143 
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o.  161 

0.147 
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o.  127 

O.  121 
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THE  RELATION  BETWEEN  THE  SPECTRA  AND 

THE  SIZES  OF  THE  ALKALI 

METAL  ATOMS. 

By  LOUIS  A.  TURNER 

ABSTRACT 

Spectra  atid  relative  sizes  of  the  positive  ions. — A  theory  is  developed  which  gives 
the  relation  between  the  energies  and  quantum  numbers  of  orbits  of  valence  electrons 
in  atoms  differing  in  size  but  geometrically  similar.  It  is  shown  that  the  wave  tmmbers 
for  some  of  the  outer  o'rbits  of  the  four  alkali  metal  atoms  Na,  K,  Rb,  and  Cs  are  in 
fair  accord  with  the  assumption  that  the  structure  beneath  the  valence  electron,  or 
kernel,  is  geometrically  similar  but  different  in  size  for  the  four  atoms.  The  relative 
sizes  of  these  kernels  obtained  by  this  method  agree  with  results  obtained  by  other 
methods  as  well  as  those  results  agree  among  themselves.  One  important  consequence 
of  the  theory  is  that  for  orbits  with  the  same  quantum  numbers  the  wave  number  must 
be  larger  for  the  atom  which  has  the  larger  kernel.  The  quantum  numbers  for  the  p, 
d,  and  b  terms  as  given  by  Bohr  in  his  new  theory  of  atomic  structure  give  the'  best 
agreement  witli  this  theory. 

The  radii  of  the  orbits  and  the  field  of  force  around  the  kernel. — -An  expression  for 
the  maximum  radius  of  a  valence  electron  orbit  is  derived  in  terms  of  the  wave  number, 
azimuthal  quantum  number,  strength  of  the  field  of  the  kernel  at  the  outermost  point 
of  the  orbit,  and  known  constants.  For  circular  orbits,  such  as  the  3J-  and  4i-orbits, 
both  the  tield-strengths  and  radii  are  computed.  These  results  combined  with  the 
size  ratios  of  the  kernels  give  curves  for  the  variation  of  the  field-strength  as  a  function 
of  the  radius,  for  the  four  atoms.  Using  the  equation  and  these  curves,  the  radii  of 
the  atoms  in  the  normal  condition  are  found.  They  are:  Li,  2.38X10"*  cm;  Na, 
2.72;  K,  3.45;  Rb,  3.61;  Cs,  3.94.  The  application  of  this  method  to  the  46-terms 
of  the  alkaline  earth  metal  spectra  shows  that  the  kernel  of  each  must  be  much  smaller 
than  that  of  the  corresponding  alkali. 

Professor  A.  Fowler  in  his  Report  on  Series  in  Line  Spectra  at 
the  conclusion  of  the  chapter  on  "Spectra  and  Atomic  Constants" 
remarks : 

These  results  are  in  a  sense  disappointing.  It  would  seem  that  the  spectra 
must  for  the  present  be  regarded  as  constants  of  the  elements  which  show 
no  simpler  relation  to  other  constants  than  is  shown  by  some  of  the  constants 
among  themselves.  Thus,  in  the  alkali  group,  the  curve  connecting  atomic 
weights  with  melting-points,  or  that  connecting  atomic  weights  and  atomic 
volumes  is  closely  similar  to  that  relating  the  limits  of  the  subordinate  series  to 
atomic  weights,  and  a  similar  discrepancy  is  shown  by  potassium  in  each  case. 
Again  there  is  no  simple  relation  between  the  atomic  weights  and  densities  in 
this  group  of  elements,  just  as  there  is  no  simple  law  connecting  the  limits  of  the 
principal  series.  It  can  only  be  concluded  that  although  the  spectra  change 
progressively  with  atomic  weights,  atomic  volumes,  or  atomic  numbers,  the 
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laws  governing  the  changes  are  not  clearly  indicated  by  any  of  the  foregoing 
investigations. 

Apparently  there  is  need  for  new  work  in  this  field,  based  on  new 
points  of  view.  In  Part  I  of  this  paper  after  assuming  atomic 
models  in  accord  with  modern  theories  of  atomic  structure,  I  have 
shown  that  the  differences  between  the  spectra  of  the  dift'erent 
alkali  metals  can  be  related  to  the  differences  of  the  sizes  of  the 
structures  immediately  underlying  the  valence  electron.  In  Part  II 
I  have  calculated  the  radii  of  some  of  the  electron  orbits  and  the 
approximate  mean  field  of  force  in  the  outer  parts  of  the  valence 
electron's  orbits. 

I.      SPECTRA  AND   RELATRT    SIZES   OF   THE   POSITIVE   IONS 

According  to  Bohr's  new  theory  of  atomic  structure,  and  also  to 
Bury's'  modification  of  Langmuir's  theory,  the  alkali  metal  atoms 
are  built  of  an  inner  structure  of  nucleus  and  electrons  surrounded 
by  an  outer  shell  or  group  of  eight,  similar  in  structure  for  all,  and 
a  still  more  loosely  attached  single  valence  electron.  It  is  reason- 
able to  suppose  that  the  great  similarity  between  the  spectra  of  these 
elements  is  due  to  this  similarity  in  structure.  Departure  from  the 
simple  hydrogen  spectrum  and  diff'erences  between  the  spectra  of  the 
different  elements  will  arise  chiefly  because  of  diff"erences  in  the 
outer  group  of  eight.  This  must  be  accurately  true  for  lines  due 
to  orbits  far  outside  the  group  of  eight,  and  at  least  approximately 
true  for  all  orbits  which  do  not  come  into  the  region  of  strong 
forces  from  the  second  inner  group.  In  what  follows  I  assume,  there- 
fore, that  for  these  outer  orbits  the  atom  can  be  considered  as  a 
nucleus  of  charge  -\-ge,  surrounded  by  a  configuration  of  eight 
electrons  and  a  valence  electron,  and  that  the  configuration  of 
eight  has  a  mean  field  of  force  which  is  geometrically  similar  but 
differs  in  size  for  the  different  atoms.  This  latter  assumption 
can  be  no  more  than  a  good  approximation,  but  it  seems  reasonable 
enough  and  is  strongly  suggested  by  the  similarity  of  the  spectra 
of  these  elements.  The  change  of  the  outer  orbits,  and  therefore  of 
the  spectra,  from  one  element  to  another  of  higher  atomic  number 
will  be  due,  then,  primarily  to  the  change  of  the  size  of  the  struc- 

'  C.  R.  Bury,  Journal  of  tlte  American  C/temical  Society,  43,  1602,  1921. 
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ture  of  eight,  and  only  indirectly  due  to  the  increasing  inner  com- 
plexity. I  shall  refer  to  the  structure  beneath  the  valence  electron 
as  the  kernel. 

It  is  necessary  to  consider  the  possibility  of,  and  conditions  for, 
geometrically  similar  atoms  of  different  sizes.  Imagine  two  such 
atoms  geometrically  similar  but  different  in  size,  oriented  the  same 
way,  and  consider  the  similar  orbits  of  the  outer  electron.  Let 
atom  A'  he  k  times  as  large  as  atom  A.  Since  the  forces  acting 
upon  the  outer  electron  are  assumed  to  be  electrical  they  vary  as 
the  inverse  square  of  the  distance  and  since  in  atom  A '  all  distances 
are  k  times  as  great,  all  forces  and  proportional  accelerations  will 
be  i/k^  times  as  great.  With  acceleration  i/^^  times  as  great  and 
distances  k  times  as  great,  it  follows  immediately  from  the_theory 
of  dimensions  that  corresponding  velocities  in  ^'  will  be  i/l  k  times 
as  great  as  those  in  A .  Further  application  of  the  theory  of  dimen- 
sions shows  at  once  that  the  energies,  kinetic  and  potential,,  at 
each  point  of  A'  will  be  i/k  of  the  energies  at  the  corresponding 
point  of  A ,  and  the  angular  momentum  will  be  V  k  times  as  great. 
If  orbit  A  is  an  actual  one  with  constant  energy  and  angular  momen- 
tum, orbit  A'  is  Si  possible  one,  since  it,  too,  has  constant  energy 
and  constant  angularmomentum.  The  azimuthal  quantum  num- 
bers for  A'  will  be  V k  times  those  for  A,  since  they  equal  the  angu- 
lar momenta  divided  by  i/27r  times  Planck's  constant  h.  Other 
quantum  numbers  will  be  increased  in  the  same  way  since  they  are 
obtained  by  dividing  quantities  of  the  dimensions  of  angular 
momentum  by  h  alone,  or  by  h  and  a  numerical  factor.  The  wave 
numbers  v  of  the  spectral  terms  of  A'  will  be  i/k  times  the  corre- 
sponding wave  numbers  for  A,  since  these  are  proportional  to  the 
energies. 

Consider  a  sodium  atom  with  the  outer  electron  in  some  par- 
ticular orbit  and  assume  for  the  sake  of  illustration  that  a  potas- 
sium atom  has  a  kernel  which  is  1.5  times  as  large.  What  will  be 
the  energy  and  quantum  number  of  the  geometrically  similar  orbit 
in  the  potassium  atom  ?  As  shown  above,  the  quantum  numbers 
will  be  1^1.5  or  1.227  times  as  great,  and  the  energy,  1/1.5  or  0.667 
times  as  great.  Thus  if  we  take  any  series  of  terms,  such  as  the 
^-terms,  of  sodium  and  plot  the  wave  numbers  v  as  ordinates  and 
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the  corresponding  total  quantum  numbers  as  abscissas  we  obtain  a 
curA-e  characteristic  of  sodium  which  may  be  transformed  into 
a  curve  characteristic  of  potassium  by  multiplying  these  ordinates 
by  0.667  s-^^d  the  abscissas  by  1.227.  ^^11  /'-orbits  of  sodium  have 
azimuthal  quantum  numbers  2.  The  orbits  corresponding  to 
points  on  the  new  curs^e  for  potassium  have  azimuthal  quantum 
numbers  1.227  times  2 ,  or  2 .454.  These  new  orbits  are  geometrically 
similar  to  the  corresponding  orbits  in  sodium  not  only  as  regards 
the  parameters  of  the  orbits  themselves,  but  also  as  regards  the 
relation,  of  the  orbits  to  the  kernel.  They  are  dynamically  possible 
orbits,  but  will  not  be  actual  orbits,  permitted  by  the  quantum 
theory,  since  their  azimuthal  quantum  numbers  are  not  integers. 
We  may  designate  these  "in  between,"  or  fractional  quantum 
number  orbits  as  "hypothetical"  orbits.  The  true  ratio  between 
the  sizes  of  the  sodium  and  potassium  kernels  should  be  that  ratio 
which  makes  all  the  actual  orbits  of  sodium  transform  into  such  a 
scheme  of  hypothetical  potassium  orbits  as  will  be  consistent  with  its 
actual  orbits. 

The  difficulty  in  the  immediate  application  and  testing  of  this 
idea  is  that  we  do  not  yet  know  enough  about  the  field  of  force 
surrounding  the  kernel  to  say  just  what  the  cur\'e  for  orbits  with 
these  hypothetical  azimuthal  quantum  numbers  should  be,  i.e., 
how  the  hypothetical  orbits  of  fractional  azimuthal  quantum  num- 
bers should  be  related  to  the  actual  orbits,  and  therefore  we  have 
no  basis  for  the  acceptance  or  rejection  of  various  assumed  ratios  of 
the  sizes. 

There  is  a  method  of  procedure,  however,  if  we  restrict  our 
consideration  to  circular  orbits.  According  to  both  Bohr  and  Som- 
merfeld  the  30?  and  46  terms  of  the  four  alkali  metals  Na,  K,  Rb, 
and  Cs  correspond  to  circular  orbits,  with  azimuthal  quantum 
numbers  3  and  4  respectively,  and  radial  quantum  numbers  o.' 
For  the  Cs  atom,  for  instance,  there  will  be  some  curve  with  v  for 
circular  orbits  for  ordinates  and  azimuthal  quantum  numbers  for 

'  Different  numbers  for  some  of  these  orbits  are  given  in  the  table  in  the  appendix 
to  Foote  and  ]\Iohler's  book,  The  Origin  of  Spectra.  Dr.  Foote  has  told  me  that  the 
book  is  in  error,  that  the  quantum  numbers  given  here  are  the  ones  which  Bohr  believes 
to  be  correct. 
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abscissas.  The  2>d-  and  4&-terms  give  two  points  on  this  curve. 
We  have  no  other  orbits  of  this  class  actually  known  for  Cs,  but 
these  two  are  but  a  special  pair  of  the  infinite  number  possible  as 
far  as  the  mechanics  of  the  structure  is  concerned.  These  other 
mechanically  possible  circular  orbits  are  the  "hypothetical"  orbits 
with  fractional  quantum  numbers,  some  of  which  can  be  obtained 
by  transformation  of  the  3<f-  and  4^-orbits  of  Na,  K,  and  Rb  accord- 
ing to  their  sizes.  If  we  now  imagine  the  Na,  K,  and  Rb  atoms  to 
be  expanded  so  that  their  kernels  will  have  the  size  of  the  Cs 
kernel,  their  six  circular  orbits  will  become  hypothetical  circular 
orbits  of  the  Cs  atom.  The  problem  is  to  find  the  size  factors 
which  will  bring  all  these  points  on  a  smooth  curve.  That  is  what 
I  have  done,  essentially,  in  the  following,  but  by  an  indirect  method 
which  is  easier  and  more  certain  than  it  would  be  to  try  to  do  the 
thing  directly. 

If  we  take  the  equation  v  =  N/n^,  where  iV  is  a  constant  and  plot 
J-  as  a  function  of  n,  this  curve  will  transform  into  itself  by  the 
foregoing  transformation.  That  is,  if  we  take  the  values  for  n 
and  p  for  any  point  on  the  curve,  multiply  n  by  any  factor  ^^  k  and 
divide  j^  by  ^.  the  new  values  of  p  and  n  will  satisfy  the  equation 
and  give  a  new  point  on  the  same  curve.  If  we  let  N  be  the  Ryd- 
berg  constant,  the  values  of  v  corresponding  to  integral  values  of 
n  are  the  wave  numbers  of  the  terms  of  the  hydrogen  spectrum.  I 
shall  refer  to  values  of  v  on  this  curve  as  vh-  Take  v  for  some  term 
of  the  Na  spectrum  corresponding  to  a  total  quantum  number  n 
and  find  the  ratio  of  this  v  to  ve  for  the  same  total  quantum  number. 
The  geometrically  similar  orbit  in  an  atom  which  is  k  times  as 
large  will  have  a  value  of  v  i/k  times  as  great  and  a  value  of  n  V  k 
times  as  great.  The  value  of  vh  corresponding  to  this  new  n  will 
also  be  i/k  times  as  great  as  the  old  one,  so  the  ratio  v/vh  will 
be  the  same  for  both  of  these  similar  orbits.  If  we  plot  these  ratios 
v/ve  for  Na  as  a  function  of  n,  we  get  the  curve  for  an  atom_^ 
times  as  large,  simply  by  multiplying  the  values  of  n  by  Vk, 
leaving  the  values  of  v/ve  the  same.  It  is  more  convenient  to 
plot  log  v/ve  because  one  uses  logarithms  in  the  computation  of  the 
ratios,  and_to  plot  log  n  because  the  multiplication  of  the  values 
oi  n  hy  Vk  h  replaced  by  the  addition  of  |  log  k  to  log  n,  a 
simple  lateral  shift  in  the  direction  of  the  abscissas,  log  n. 
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The  following  table  gives  the  available  data.  The  mean  between 
the  two  cf-terms  is  taken  to  be  the  true  value  for  v,  the  separation 
apparently  being  due  to  some  magnetic  effect  not  considered  here. 

The  range  of  values  of  log  v/vh  is  too  great  for  satisfactory 
plotting  on  one  curve,  so  I  have  multiplied  them  by  lo^  and  again 
taken  the  log.  If  there  is  to  be  a  smooth  curve  representing  log 
v/vh  as  a  function  of  log  w,  there  will  also  be  a  smooth  curve  for 

TABLE  I 


" 

Mean  v 

log  V 

log  v/v^ 

log(ios-logvA^) 

id 

Na 

12276 

12276 

4 . 08906 

0.00317 

2.501 

K 

/i3467.5\ 
113470.3/ 

13469 

4.12934 

0.04345 

3  638 

Rb 

14334-3 
-missing 

14334 

4- 15637 

0.07048 

3.848 

Cs 

/ I 6905! 
\i68o7/ 

16856 

4.22676 

0.14087 

4.148 

H 

12187 

12187 

4.08589 

4* 

Na 

6860.4 

3-83635 

0 . 00034 

I-531 

K 

6878.5 

3-83749 

0.00148 

2.170 

Rb 

6897.6 

3.83870 

0.00269 

2.430 

Cs 

6932.6 

3 . 84090 

0 . 00489 

2.689 

H 

6855.0 

3.83601 

log  3  =  0.477;  log  4  =  0.602 


log  (lo^  •  log  v/ve)  as  a  function  of  log  n.     I  have  actually  plotted  the 
data  in  the  last  column  of  Table  I. 

By  a  shift  of  0.024  for  Rbj  0.044  for  K,  and  0.142  for  Na,  seven 
of  the  eight  points  are  brought  on  to  a  smooth  curve,  which  is  almost 
a  straight  line,  and  which  gives  the  relation  between  wave  number 
and  quantum  number  for  the  actual  and  hypothetical  circular 
orbits  of  Cs.  Similar  curves,  parallel  to  this,  could  be  drawn  for  the 
circular  orbits  of  the  other  elements.     One  of  the  points  for  Na 
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alone  falls  off  the  smooth  curve.  No  shifts  deviating  markedly 
from  these  would  give  any  reasonable  sort  of  a  curve  through  all 
of  these  points,  for  it  is  highly  improbable  that  the  curve  should 
have  many  inflections.  These  shifts  give  ^  log  k  where  k  is  the 
ratio  of  the  size  of  the  Cs  kernel  to  that  for  the  other  atom  concerned. 
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The  values  of  k  are  as  in  Table  II.  I  shall  reserve  discussion  of 
them  until  I  have  found  another  set  of  values  in  a  similar  manner. 
One  important  result  of  this  theory,  even  if  it  should  be  only  a 
rough  approximation,  is  that  the  values  of  v  must  be  larger  for  the 
same  kind  of  an  orbit  in  an  atom  of  larger  kernel.  Otherwise,  a 
shift  of  this  sort  would  be  in  the  opposite  direction  from  that 
above  and  would  indicate  that  the  size  of  the  atom  increased 
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with  decreasing  atomic  number.  Thus,  contrary  to  Sommerfeld's 
assignment  of  quantum  numbers,  the  2/?-terms  of  the  alkalis  can- 
not all  have  the  same  total  quantum  numbers,  for  they  decrease 
in  value  as  one  goes  to  atoms  of  higher  atomic  number.  The  same 
can  be  said  for  the  3(/-terms  in  the  enhanced  doublet  spectra  of  the 
alkaline-earth  elements.  The  total  quantum  number  for  the  first 
p-terra  will  have  to  be  at  least  one  greater  for  each  atom  as  one  goes 
up  the  scale  of  atomic  numbers.  That  is  precisely  the  way  that 
Bohr  has  assigned  the  numbers  in  the  new  theory,  according  to  which 
the  azimuthal  quantum  number  for  all  the  /?- terms  is  2,  and  the  total 
quanturri  numbers  for  the  first  terms  for  each  atom  are  as  follows: 
Na,  3;  K,  4;  Rb,  5;  Cs,  6.  These  are  indicated  in  his  notation, 
which  I  shall  use,  as  32,  42,  52,  and  62  orbits. 

TABLE  II 


§log/fe 

k 

-^^csfR.- 

Rb 

0.024 
0.044 
0. 142 

1 .12 

K 

1.23 
1.92 

Na 

It  is  not  possible  to  test  this  size  theory  in  just  the  same  way 
with  the  />-orbits  as  with  the  3c?-  and  4&-orbits,  because  the  orbits, 
not  being  circular,  lie  in  regions  of  variable  force,  and  we  do  not 
know  enough  about  the  nature  of  this  variation  to  properly  interpret 
the  relations  between  the  "hypothetical"  orbits.  Failing  this,  we 
can  still  consider  some  particular  cases  if  we  make  the  plausible 
assumption  that  there  should  be  a  relation  between  v/ve  and  total 
quantum  number  for  such  orbits  as  have  the  same  ratio  of  azimuthal 
to  total  quantum  number.  In  a  hydrogen-like  atom,  this  would 
mean  geometrical  similarity  of  orbits,  and  there  would  be  no  new 
assumptions  involved  in  treating  the  case  as  we  treated  the  case  of 
circular  orbits.  In  the  cases  of  the  alkali  metals,  the  additional 
assumption  involved  is  that  for  orbits  with  the  same  ratio  of  azi- 
muthal to  total  quantum  number  the  variations  of  wave  number 
depend  in  a  continuous  manner  on  the  azimuthal  quantum  number 
for  each  atom.  The  curves  representing  this  relation  must  shift 
into  one  another  by  the  size  transformation  used  above,  since  the 
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change  of  size  does  not  alter  the  ratio  between  the  two  quantum 
numbers. 

As  an  example,  we  can  take  the  62  and  the  93  terms  for  all  the 
elements.  This  will  be  the  first  ^-term  for  Cs,  the  second  for  Rb, 
the  third  for  K,  and  the  fourth  for  Na,  and  the  seventh  (i-term  for 
all.  For  all  of  these,  the  ratio  of  the  total  to  the  azimuthal  quantum 
number  is  3.     The  same  argument  applies  to  these  orbits  as  to  the 

TABLE  III 


" 

Mean  v 

logf 

log  v/Vf^ 

log(l05.1og;'A^) 

Na 

/  4i5i--3\ 
\  4152-8/ 

4152.0 

3.618 

0-134 

2.127 

K 

/    6001 . 2\ 
I    6009.3/ 

6005 . 2 

3-778 

0.294 

2.468 

Rb 

/    9896.6! 

1  9974-1/ 

9935-3 

3-996 

0.512 

2.709 

Cs 

/19672.3I 

\20226.3/ 

19949-3 

4.300 

0.816 

2.912 

H 

3047 

3-484 

93 

Na       

1357-2 
1433-6 
1464. I 
1506. I 
1354 

3-132 
3-156 
3-165 
3-177 
3-131 

O.OOI 

0.025 
0.034 

0.046 

0 

K           

1 .397 

Rb 

1-544 

Cs 

1.662 

H 

log  2  =  0.301;  log  3  =  0.477 


circular  ones  before,  and  the  same  process  of  finding  the  shifts  to 
bring  all  the  points  on  one  curv'e  can  be  applied.  It  should  be 
emphasized  that  this  does  not  necessarily  imply  that  the  62  and  93 
and  other  such  orbits  in  any  one  atom  are  necessarily  geometrically 
simUar,  but  simply  that,  in  the  nature  of  the  case,  we  would  expect 
to  find  some  curv^e  giving  the  value  of  i'  as  a  function  of  azimuthal 
quantum  number  for  all  such  orbits. 

The  data  are  given  in  Table  III.     Figure  2  shows  the  curve 
obtained. 
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The  shift  for  Rb  is  0.023,  ^^^  that  for  K  is  0.052.  The  upper 
Na  point  comes  on  to  the  curve  by  a  shift  of  0.098,  but  the  lower 
could  not  be  made  to  lie  on  the  curve.  As  in  Figure  i ,  these  shifts 
bring  all  but  one  point  on  to  a  smooth  curve,  but  the  agreement 
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0.600 


of  these  shifts  with  those  calculated  from  Figure  i  is  not  very  impres- 
sive, unless  one  considers  that  it  is  rather  remarkable  that  there 
should  be  any  agreement  at  all  for  data  picked  in  this  special 
way  unless  there  was  some  truth  in  the  theory  governing  the 
choice.     There  are  two  good  reasons  for  expecting  failure  of  perfect 
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agreement.  One  is  the  probable  deviation  of  the  fields  of  the 
kernels  from  exact  geometrical  similarity  even  up  to  considerable 
distances  from  the  center.  The  other  is  the  fact  that  in  the  />-orbits 
the  electrons  are  thought  to  penetrate  much  nearer  the  central 
structure  than  in  the  J-terms,  probably  near  enough  so  that  the 
assumption  of  a  nucleus  of  point  charge  +ge  is  no  longer  strictly 
valid.  In  this  connection  it  is  noted  that  the  best  agreement 
between  the  shifts  in  Figures  i  and  2  is  found  for  those  elements 
whose  inner  structure  is,  relatively,  least  different. 

The  same  kind  of  a  curve  can  be  made  for  the  82-  and  123-orbits. 
The  available  data  are  not  complete,  however.     Using  the  shifts 

TABLE  IV 


Mean  c 

log^ 

log  p/p^ 

log  (1  OS- log  v/vj^) 

8. 

Na 

K 

Rb 

2150.2 
2779-4 
3845  - 1 
5655-0 
1714 

3-332 
3-444 
3-585 
3-743 
3-234 

0.098 
0.210 

0.351 
0.509 

1. 991 
2.322 
2.545 

Cs 

2.706 

H 

I 

23 

Na 

761.7 

K 

Rb 

Cs 

825.8 
761.0 

2.917 

2.882 

0.035 

1-544 

H 

from  the  last  curve,  these  points  are  brought  into  line.  The  123 
for  Na  (not  plotted)  would  be  badly  off  again.  Figure  3  shows  this 
curve. 

The  results  of  the  two  methods  are  as  in  Table  V.  The  average 
value  of  ^  log  k  is  used  to  get  the  ratios  of  the  sizes.  The  corre- 
sponding ratios  of  Bragg's  radii  of  the  ions  in  crystals  and  also  of 
the  radii  of  the  nearest  rare  gas  atoms  as  determined  from  (i)  the  con- 
stant h  in  Van  der  Waal's  equation  and  (2)  the  mean  free  paths  are 
given  for  comparison.  Very  close  agreement  would  not  be  expected 
here  because  there  is  no  theory  adequate  to  relate  the  region  belong- 
ing to  an  ion  in  a  crystal  to  its  actual  size  or  to  give  an  idea  of  its 
probable  deformation  in  the  structure  of  a  crystal,  neither  do  we 
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know  just  what  relation  the  size  of  the  sphere  of  influence  of  a 
rare  gas  atom  bears  to  the  actual  size  of  the  atom,  or  to  that  of 
the  kernel  of  the  following  alkali  metal. 

We  see,  therefore,  that  not  only  does  this  theory  lead  to  a  fairly 
good  co-ordination  of  the  spectra  of  the  alkali  metals  in  terms  of  the 
assumed  sizes  of  their  atomic  kernels,  but  also  that  these  assumed 
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sizes  are  reasonable  ones  in  view  of  the  meager  data  available  for 
comparison. 

This  theory  may  be  used  to  test  the  correctness  of  the  quantum 
numbers  assigned  to  the  various  spectral  terms — a  matter  of 
interest  because  Bohr's  and  Sommerf eld's  numbers  differ.  Such  a 
test  cannot  be  made  from  the  spectra  themselves,  since  a  difference 
in  the  assignment  of  quantum  numbers  can  be  compensated  by  an 
equal  opposite  change  in  the  value  of  the  other  term  constants, 
whose  values  have  not  hitherto  been  known  by  any  independent 
method.     I  have  tried  various  other  choices  of  quantum  numbers 
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and  have  found  no  case  in  which  the  predictions  of  the  present 
theory  are  satisfied  with  as  good  a  degree  of  consistency  as  is  shown 
in  the  instances  cited  above.  These  results  are,  therefore,  a  con- 
firmation of  the  numbers  assigned  by  Bohr. 

^  It  can  be  concluded  from  this  work  that  the  size  of  the  kernel  is 
very  important  in  determining  the  difference  between  the  homolo- 


TABLE  V 

h\osk 

Rcs/R 

RcJR 

Rxc/R{Kr, 

A,Ne) 

Rxe/R{Kr, 

A,Ne) 

Rb 

K 

0.024 
0.044 
0. 142 

0.023 
0.052 
0.098 

1 .  12 

1-25 

1-74 

1.06 
1. 14 
1-34 

I  .09 
I.  20 

1.30 
1.323^ 

Na 

1.85 

2>d,Ah 

62,    93 
82,  123 

Bragg 

Van  der 
Waal 

m.f.p. 

gous  terms  of  the  spectra  of  the  alkali  metal  atoms  and  that  Bohr's 
assignment  of  the  quantum  numbers  for  these  terms  is  in  agreement 
with  this  theory. 


II.   THE  RADII  OF  THE  ORBITS  AND  THE  FIELD  OF 
FORCE  AROUND  THE  KERNEL 

According  to  Bohr's  new  theory  the  valence  electron  in  an  alkali 
metal  atom  describes  an  orbit  which  is  much  like  a  rotating  ellipse. 
At  its  outermost  position  it  is  thought  to  be  at  quite  a  distance  from 
the  center  of  the  atom  as  compared  with  the  distances  between 
the  other  parts  of  the  atom.  At  this  outermost  position  its  velocity 
vector  must  lie  in  a  position  perpendicular  to  the  radius  vector. 
Call  this  radial  distance  r,  the  energy  E,  the  velocity  y,  the  mass  m, 
the  electronic  charge  e,  Planck's  constant  //,  and  the  azimuthal 
quantum  number  k.  Denote  the  potential  energy  of  the  electron 
by  —pe^/r.  e'/r  is  the  potential  energy  of  an  electron  at  a  distance  r 
from  a  charge  of  -\-e,so  p  is  the  potential  energy  factor  or  apparent 
charge  on  the  equivalent  point  nucleus.  In  general  ^  is  a  function 
of  r  in  virtue  of  the  second  and  higher  order  terms  in  the  expression 
for  the  potential  due  to  any  assemblage  of  charges,  and  it  approaches 
the  value  unity  to  the  extent  to  which  the  potential  can  be  consid- 
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ered  as  due  to  a  single  point  charge.  From  the  conditions  that  the 
energy  and  the  angular  momentum  are  constant  one  gets  the  two 
equations 


kh 

mvr  =  — 

27r 

E  =  \ 

mv^ 

r 

which  combine  to  give 

E- 

1        k%^ 

■^—        or 
r 

r' 

+P 

eJ- 

STr'mE~°' 

Solving  for 

y  gives 

—pe 
2E 

( 
\ 

-^e^\e^- 

2 

2ir^mE 

r  =  - 

^- 

k'h'E   \ 
iTT^me^p^l 

This  equation  can  be  put  in  a  form  more  convenient  for  application 
by  putting  in  different  constants  as  given  by  Bohr's  theory  of  the 
hydrogen    atom.     The    radius    of    a    normal    hydrogen    atom    is 

Oo  =  — ; — ;.     The  Rydberg  constant,  N  =  — r. —  •     Their  product 

QoiV  =  —r-  .  If  j^  is  the  wave  number  for  a  spectral  term  or  stationary 
state  of  the  atom,  E=—hcv.     ^Making  these  substitutions  we  get 


2hcv\         \ 


It  is  apparent  from  the  derivation  that  these  two  values  of  r  are 
the  same  as  the  aphelion  and  perihelion  radii  for  an  elliptical  orbit 
in  a  hydrogen-like  atom  with  a  charge  of  -\-pe  on  the  nucleus. 
These  two  radii,  in  terms  of  the  semimajor  axis  and  eccentricity 
of  the  ellipse  are  {i-\-e)a  and  {i—e)a.  Hence  the  expression 
under  the  radical  sign  gives  the  eccentricity.  It  is  possible  to 
find  the  values  of  p  and  r  for  a  circular  orbit,  since  the  eccentricity 
is  equal  to  o.  The  radical  can  be  set  equal  to  o  and  the  value  of  p 
thus  obtained  used  in  finding  r.  By  this  method  the  following 
values  for  p  and  r  have  been  calculated. 

It  is  seen  that  these  orbits  have  approximately  the  radii  ga^ 
and   16^0  of  the  corresponding  hydrogen  orbits,   the   agreement 
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being  more  exact  for  the  outer  orbit  and  for  the  atom  with  the 
smallest  nucleus.  Under  the  same  conditions  the  potential  energy 
factor  p  is  nearly  unity,  but  it  increases  rapidly  at  distances  nearer 
the  nucleus,  especially  for  the  larger  atoms. 

^  Consider  one  of  the  atoms  where  the  value  of  />  is  a  certain 
quantity  at  a  distance  r  from  the  center.  What  will  be  the  value 
of  p  at  the  corresponding  distance  from  the  center  in  an  atom  k 
times  as  large  ?     The  corresponding  distances  w^ill  be  kr  and  the 


TABLE  VI 
00=0.532. io~8  cm 

Mean  v 

P 

r 

r  (cm) 

Mean  v 

P 

r 

r  (cm) 

3(/-Terms 

4J-Terms 

Na.... 

K 

Rb.... 
Cs.... 

12276 
13469 
14334 
16856 

1.0037 

1-0513 
1.0845 
I . 1761 

8.9780 
8.5730 
8 .  29  ao 
7 .  64  ao 

4.77-10-8 
4.61 
4.40 
4.06 

6860.4 
6878.5 
6897.6 
6932.6 

I .0004 
I. 001 7 
I. 0031 
1.0057 

15-9930 
15-9830 

15-95  30 
15.9080 

8.50-10- 

8.49 
8.48 
8.46 

-8 

new  potential  energy  i/k  times  the  former.     Let  primed  symbols 
refer  to  the  larger  atom.     Then 


p2  pi 

E=-p-        E'=-p'% 
r  r 


E'  = 


r'  =  rK 


p'^p 


Hence  p  is  the  same  for  both,  as  would  be  expected  from  the  prin- 
ciple of  dimensions.  If  then  we  plot  values  of  p  as  ordinates  and 
values  of  r  as  abscissas  there  will  be  a  curve  for  each  atom  and 
these  curves  will  be  transformable  one  into  the  other  by  multiply- 
ing the  radii  by  the  proper  size  ratio  factors  as  found  before.  For 
reasons  as  before,  it  is  better  to  plot  log  |(^  — i)-io'*}  and  log  r. 
The  curves  will  then  all  be  the  same  but  shifted  along  the  log  r 
axis.     The  data  plotted  are  as  in  Table  VII. 

Figure  4  shows  the  curves  obtained  using  the  size  factors  found 
from  the  d  and  h  terms  in  Part  I.  These  curves  give,  within  limits, 
the  way  in  which  the  potential  energy  factor  varies  with  distance 
from  the  center  for  the  various  atoms.     They  permit  a  calculation 


SPECTRA  AND  SIZES  OF  ATOMS 


191 


of  the  aphelion  distances  of  any  orbits  which  lie  within  these  limits 
of  distance. 

Fues^  has  shown  that  the  spectrum  terms  of  Na  can  be  accounted 
for  by  assuming  that  the  electron  orbits  are  in  a  central  field  of 
force  which  varies  with  distance  from  the  center  in  approximately 
the  same  way  as  the  field  about  a  central  nucleus  of  charge  +ge 
surrounded  by  eight  electrons  at  the  corners  of  a  cube  varies  along 
a  radius  perpendicular  to  a  cube  face.  It  is  of  interest  to  see 
whether  the  field  of  force  about  the  kernel  which  these  curv'es  give 
is  of  that  sort.     The  equation  for  the  potential  energy  at  a  distance 

TABLE  VII 


log  {(^-i).io<} 

log  r 

log  {{p—i)-io>} 

logr 

d 

b 

Na 

K 

1.568 
2.710 
2.927 
3.246 

0.952 

0-933 
0.918 
0.883 

0.602 

1.230 
1. 491 
I  756 

1.203 
1.203 
1 .  202 

Rb 

Cs 

1 .  201 

r  from  the  center  along  a  Hne  perpendicular  to  the  face  of  the 
cube  of  side  2a  is 


F=-9^+: 


r      V{r-ay-\-2a'     V  (r+ay-\-2a'  ' 
Expanding  in  powers  of  a/r  by  the  binomial  theorem  gives 

V=  —  ■<  i-\ — -—  >  plus  higher  power  terms  negligible  for  small  a/r . 

To  a  first  approximation  then  the  expression  for  p  is 

84  a" 


p=i-\- 


3  ^'' 


It  follows  that 


log  \  io^(p—i)  5  =  log   <  —  •  io4  .  a4  (.  _4  log  r 
so  the  log  \io'^(p—i)\    —log  r  curves  should  be  straight  lines  of 

'  E.  Fues,  Zeit.fiir  Pliys.,  11,  6,  p.  364,  1922. 
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slope  —4.  The  curves  are  a  fair  approximation  to  straight  hnes. 
The  slope  of  the  line  drawn  with  the  Cs  curve  on  Figure  4  is  —5.9. 
The  value  of  p  falls  off  more  rapidly  with  increasing  v  than  for  the 
cube.  The  slope  of  the  straight  line  through  the  two  Na  points, 
however,  is  —3.85,  in  fair  agreement  with  Fues's  assumption. 
Apparently  the  assumption  of  geometrical  similarity  of  the  field 
4.0 
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1-3 


1-4 


1-5 


1.6 


about  the  kernels  is  a  fair  approximation  for  K,  Rb,  and  Cs,  but  is 
not  very  accurate  when  Na  is  compared  with  one  of  the  others. 

With  these  curves  it  is  now  possible  to  find  the  radii  of  the 
electron  orbits  for  the  normal  state  of  the  atom,  corresponding  to 
the  \s  spectroscopic  level,  since  it  is  found  that  the  electron  comes 
into  the  region  of  the  field  represented  on  these  curves.  The  quick- 
est way  to  do  this  is  to  take  a  value  of  v  for  a  i.j-term,  such  as 

44149  for  Na  and  by  use  of  the  equation  r  =  />  — (1+  \  1—72^)^0 
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find  corresponding  pairs  of  p  and  r  for  this  v.     That  is,  taking  a 

fixed  value  for  p,  assign  various  values  to  p  and  calculate  the 

corresponding  values  of  r.     Plot  these  points  on  the  same  sheet  with 

the  p  —  r  curve  for  the  Na  atom  and  the  intersection  of  the  two 

curves  will  give  the  desired  radius,  since  the  values  of  p  and  r  at 

that  point  fit  both  the  field  of  the  atom  and  the  particular  value  of 

V.     I  have  plotted  these  curves  as  dotted  lines  on  Figure  4,  using 

the  logarithms  of  \io'^'(p—i)\  and  r.     The  radii  obtained  for  the 

atoms  are  as  follows.     The  one  for  Li  is  obtained  on  the  assumption 

that  p=i.     The  curv-e  for  j'  =  41449  is  steep  so  that  the  value  of 

log  r  for  the  intersection  would  not  be  changed  much  even  though 

the  curve  for  the  field  around  the  Na  kernel  may  have  a  smaller 

slope. 

TABLE  VIII 


Metal 

log  r 

f 

r(  cm) 

Li 

4-48^0 
5-12 

6.45 
6.78 
7.41 

2.38l'IO~* 
2.721 

3-43 
3.61 

3-94 

Na 

0.709 
0.809 
0.831 
0.870 

K 

Rb 

Cs 

These  values  should  be  closely  proportional  to  the  radii  of  the 
atoms  in  the  gaseous  state.  Unfortunately  there  are  no  available 
data  on  these  radii. 

Crystal  analysis  experiments  indicate  that  metallic  Na  and  K 
crystallize  with  the  atoms  arranged  in  a  body-centered  cubic 
structure  with  cube  edges  of  4.30  and  5.20  A  respectively.  The 
distance  between  nearest  atoms  in  such  structures  are  3.72  and 
4.50  A.  These  orbital  radii  are  of  the  same  order  of  magnitude  as 
the  internuclear  distances  in  the  crystal  structures,  making  it  seem 
highly  improbable  that  in  the  crystal  the  atoms  are  in  the  neutral 
state,  each  with  its  own  valence  electron.  It  seems  to  indicate 
that  the  atoms  must  be  present  as  positive  ions,  the  electrons  fitting 
into  the  structure  between  the  ions  rather  than  following  their 
usual  orbits. 

Making  the  assumption  that  the  4&-terms  of  the  enhanced 
spectra  of  the  alkaline-earth  metals  correspond  to  circular  orbits 
of  quantum  number  4,  it  is  possible  to  calculate  r  and  p  for  these 
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orbits  as  above.  This  term  for  Ba  shows  an  anomalous  behavior 
in  that  it  is  less  than  the  one  for  Sr,  so  I  have  not  used  it.  It  may 
correspond  to  an  elliptical  orbit  of  quantum  numbers  54.  In  this 
case,  the  value  of  ip  —  2)  represents  the  change  of  the  field  because 
of  the  extended  structure  of  the  nucleus.  I  have  plotted  corre- 
sponding values  of  log  \io'^(p—2)\  and  log  r  for  these  terms,  on 
Figure  4.     They  show  clearly  that  the  kernel  is  much  smaller  for 

TABLE  IX 


Element 

v— 46 

P 

r 

log  {lO*(,p  —  2)] 

logr 

Mg+ 

Ca+ 

Sr+ 

27467.4 
27686 
27960.4 
25288.8 

2.0018 
2.0097 
2.0198 

7-99  «o 
7 .  96  flo 
7.91  a„ 

1-255 
1.986 
2.297 

0.902 
0.901 
0.898 

Ba-1- 

any  alkaline-earth  metal  atom  than  for  the  corresponding  alkali 
metal  atom.  The  curve  for  any  alkali  metal  atom  lies  to  the  left 
of  the  curve  for  any  one  which  has  a  larger  kernel.  Each  of  these 
alkaline-earth  metal  points  lies  well  to  the  left  of  the  curve  for  the 
corresponding  alkali  metal.  Such  shrinkage  would  be  expected 
with  the  increase  of  nuclear  charge.  The  data  are  as  in  Table  IX. 
In  conclusion,  I  wish  to  express  my  indebtedness  to  Professor 
K.  T.  Compton  for  valuable  advice  and  help  in  this  work. 

Palmer  Physical  Laboratory 
Princeton,  New  Jersey 


WAVE-LENGTHS  OF  LINES  IN  THE  SPECTRA  OF 
STARS  OF  CLASS  Me^ 

By  PAUL  W.  MERRILL 

ABSTRACT 

Wave-lengths  of  emission  and  absorption  lines  in  the  spectra  of  numerous  long- 
period  variables. — An  intercomparison  of  the  measurements  of  the  bright  lines  H/3,  H7, 
H5,  Hf,  XX  4571  Mg,  4308  Fe,  4202  Fe,  and  3905  Si,  shows  that  the  relative  wave- 
lengths of  these  lines  are  nearly  the  same  in  the  variables  as  in  the  laboratory.  An 
additional  list  of  14  bright  lines  is  given,  each  of  which  has  been  measured  on  5  or 
more  spectrograms.  Most  of  these  lines  have  not  been  identified.  Ninety-five  absorp- 
tion lines  are  listed,  over  half  of  which  are  identified  with  low  temperature  lines  of 
metals.  The  temperature  of  the  reversing  layer  near  the  time  of  maximum  light 
appears  to  be  about  2200°. 

As  by-products  of  an  investigation  of  the  radial  velocities  of 
long-period  variables,^  numerous  wave-length  determinations  of 
the  Hnes  used  for  velocity  and  of  other  lines  measured  incidentally 
have  been  accumulating.  Since  a  part  of  the  data  for  class  S 
stars  has  been  published,-'  the  present  paper  will  deal  principally 
with  Unes  in  spectra  of  class  Me. 

The  measurements  reported  here  were  all  made  from  spectro- 
grams taken  with  one-prism  dispersion.  The  Mount  Wilson 
spectrograms  upon  which  are  based  all  of  the  results  for  the  absorp- 
tion Hnes,  and  most  of  those  for  the  emission  lines,  have  a  dispersion 
as  follows:  at  H/3,  56.6;  at  H7,  36.1;  at  H5,  28.2  A  per  mm. 
Measurements  with  higher  dispersion  are  of  course  desirable,  but 
the  observational  work  involved  would  be  heavy,  because  of  the 
many  long  exposures  required  to  go  over  the  ground  already  covered 
by  one-prism  observations.  The  one-prism  results  are  therefore 
pubHshed  now,  as  it  will  probably  be  several  years  before  they  are 
supplanted  by  measurements  with  higher  dispersion.  A  list  of  the 
stars  observed,  with  the  dates  of  observation  and  various  details, 
will  be  found  in  Mount  Wilson  Contributions  No.  264. 

'  Contributions  from  the  Moimt  Wilson  Observatory,  No.  265. 

^  Mt.  Wilso?i  Contr.,  No.  264;  Astro  physical  Journal,  58,  215,  1923. 

^Mt.  Wilson  Contr.,  No.  252;  Astrophysical  Journal,  56,  457,  1922. 
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EMISSION   LINES 

Table  I  contains  a  list  of  the  emission  lines  used  for  radial 
velocity,  the  wave-lengths  being  recent  laboratory  determinations. 

In  order  to  ascertain  whether  the  wave-lengths  of  these  lines 
have  the  same  relative  values  in  the  variable  stars  as  in  the  labora- 

TABLE  I 

Laboratory  Wave-Lengths  of  Emission  Lines 

I.  A.  Identification 

3835-36 Hr? 

3889.05 Hr 

3905.51 Si 

3970.08 He 

4x01 .74 H5 

4202 .03 Fe 

4307-91 Fe 

4340.47 H7 

4571-11 Mg 

4861.33 Hi3 

TABLE  II 
Agreement  of  Emission  Lines 


Class  Me 

Class  Se 

100-inch 

60-inch 

Ann  Arbor 

100-inch 

60-inch 

Ann  Arbor 

km 

No. 

km 

No. 

km 

No. 

km 

No. 

km 

No. 

km 

No. 

H/3-H7 

H7-HS 

-o.S 
+0.4 
-S-o 
-3-9 
-0.6 

-0.6 

-2.4 

40 

180 

14 

21 

20 

7 

—  1 .2 
-0.6 

~S  ■ 
-3-4 

+  1.0 

-S-2 
— S-5 

18 

75 

2 

S 

10 

6 
2 

-0.6 

-1-2.8 

—  lO.O 

28 

107 

23 

-0.3 
+4.8 

43 
31 

+6.4 

19 
II 

+2. 

7 

H5-Hf 

H7— 430S 

-1.8 

—  2. 

—  I . 

5 
2 
2 

Ht-I-HS 

4202 

-  5.S 

5 

2           ^ 

Hf  -3905 

+  6.4 

S 

tory,  data  showing  the  mean  differences  in  kilometers  between 
velocities  from  individual  Hnes  have  been  collected  in  Table  II. 
The  results  from  the  Ann  Arbor  and  Mount  Wilson  observations 
(two  spectrographs  for  the  latter)  are  given  separately.  The 
figures  following  a  difference  indicate  the  number  of  plates  upon 
which  the  difference  depends. 
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Slight  systematic  differences  between  different  lines  may  arise 
from  various  observational  causes  such  as  atmospheric  dispersion, 
photographic   or   bisection   errors   depending  on  Una   intensities, 

TABLE  III 

Wave-Lengths  of  Emission  Lines  in  Spectra  of  Class  Me 


I.  A. 


3852 
3977 
4030 
4103 
4138 
4178 
4215 
4233 
4372 
4375 
4458 
45" 
4521 
4578 


63 
78 
51 
03 
65 
82 

74 
35 
58 
84 
^3 
46 

54 
84 


P.E. 


=  0.03 
■03 
•03 
.01 

.Ol5 

.Ol5 

.04 

.01 

.01 

.02 

■03 

.02 

.04S 

=  0.03 


No.  Spectro- 
grams 


37 

15 

27 

6 

38 
19 
16 
10 
18 

5 
6 


No.  Stars 


3 
15 

9 
12 

4 
16 

8 
5 
5 
7 
3 
4 


Probable 
Identification 


Mn  4030.76 
Si  4102.95 


Fe  4375-93 


NOTES  TO  TABLE  III 

4030.51  This  line  first  appears  as  a  bright  edge  on  the  violet  side  of  the  low 
temperature  manganese  line  4030 .  76.  The  identification  is  probably  correct  in  spite 
of  the  considerable  discrepancy  between  the  stellar  and  the  laboratory  wave-length. 

4103 .  03  A  close  companion  to  H5.  Its  distance  from  H5  as  measured  directly  is, 
in  the  mean,  1.28  A.  When  added  to  the  wave-length  of  H5, 4101.74,  this  gives  4103.02, 
in  very  good  agreement  with  the  wave-length  depending  on  the  mean  velocity  displace- 
ments. The  measured  wave-length  may  be  too  great  on  accoimt  of  the  close  pro.ximity 
of  the  very  strong  H5  line.  King's'  wave-length  of  the  silicon  line  to  which  the  stellar 
line  may  correspond  is  4102.95. 

4233.35    This  can  scarcely  be  the  enhanced  iron  line  4233.14. 

4375.84  R  Leonis  gives  a  consistently  low  value  for  this  line.  Eight  spectro- 
grams of  four  other  stars  give  a  mean  value  of  4375.94. 

4458 .  83  Marked  doubtful  on  several  measures.  It  is  near  the  head  of  a  titanium 
oxide  band. 

4511 .46     Occurs  also  in  class  Se  spectra. 

4521 .  54    Occurs  also  in  class  Se  spectra. 

deviation  of  certain  comparison  lines  from  their  adopted  values, 
etc.  As  errors  from  several  of  these  causes  are  necessarily  small 
when  the  lines  are  close  together,  the  hydrogen  Knes  nearest  to 
the  metalHc  lines  have  been  chosen  for  comparison. 

'  Publications  Astronomical  Society  of  the  Pacific,  35,  171,  1923 
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The  hydrogen  lines  HjS,  H7,  and  H5  are  in  substantial  agreement 
in  the  M-type  stars.  The  effective  wave-length  of  H^  appears 
to  be  about  o.i  A  greater  than  the  standard  laboratory  value. 
This  divergence  may  or  may  not  be  inherent  in  the  stellar  rays. 
In  the  S-type  stars  H8  shows  a  small  displacement  toward  the  violet 
with  respect  to  H7. 

The  line  X  4308,  if  correctly  identified  as  the  iron  hne  X  4307.91, 
is  shifted  toward  longer  wave-lengths  by  a  few  hundredths  of  an 
angstrom;  X  4202  agrees  very  closely  with  the  assumed  laboratory 
value  Fe  4202.03 ;  and  X  4571  Mg  and  X  3905  Si  agree,  within  reason- 
able Kmits,  with  their  laboratory  values.  These  identifications 
have  recently  been  called  in  question  by  Baxandall.^  The  results 
in  Table  II  are  probably  not  to  be  considered  as  furnishing  a  con- 
clusive answer  to  this  question,  but  in  so  far  as  they  have  a  bearing 
on  the  matter  I  think  they  tend  to  support  the  assumed  identifica- 
tions.^ 

A  number  of  bright  lines  have  been  measured  in  addition  to  those 
in  Table  I.  They  have  not  been  used  for  finding  the  radial  velocity, 
but  their  wave-lengths  have  been  deduced  on  the  assumption  that 
they  have  velocity  displacements  corresponding  to  the  mean  adopted 
bright-hne  velocity  for  each  plate.  Those  lines  which  have  been 
measured  on  five  or  more  spectrograms  have  been  collected  in 
Table  III. 

ABSORPTION   LINES 

The  wave-lengths  of  the  absorption  hnes  which  were  used  for 
velocity  determinations  will  be  found  in  Table  II  of  Contribution 
No.  264.  These  wave-lengths  have  recently  been  corrected  by 
applying  the  mean  systematic  residuals  from  all  the  measures,  and 
thus  modified  appear  in  Table  IV,  together  with  other  lines  which 
were  not  used  at  all  for  determinations  of  velocity  but  whose  wave- 
lengths were  deduced  from  the  measurements.  These  additional 
hnes  were  included  when  five  or  more  determinations  were  available, 
provided  the  probable  error  from  a  single  spectrogram  did  not 

'  Observatory,  46,  82,  1923. 

^  The  measurements  by  Adams  and  Joy  of  the  bright  lines  of  o  Ceti  (Publications 
Astronomical  Society  of  the  Pacific,  35,  168,  1923)  are  in  good  general  agreement  with 
the  results  in  Table  II. 
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exceed  0.08  A.  For  those  cases  in  which  the  adopted  value  differs 
from  the  laboratory  wave-length  of  the  Hne  to  which  it  is  beheved 
to  correspond,  the  chemical  symbol  has  been  placed  in  parentheses. 


TABLE  IV 

Corrected  Wave-Lengths  of  Absorption  Lines 

IN  Spectra  of  Cl/ 

3998.61  (V) 

4147.68  Fe 

4306.05 

4020.56 

49.76 

07.75  (Fe) 

26.9s 

52.32 

14.66 

30.83  (Mn) 

73-99 

25.89  (Fe) 

33.07  Mn 

74.37 

30.02  V 

34.59  (Mn) 

79.56  (V) 

32.74  (V) 

35.87  (Mn) 

90.73 

37.50  (Cr) 

41.29  (Mn) 

94.90 

44.42  (Cr) 

44.21  (K) 

97.00 

47.21 

45.87  (Fe) 

4198.53 

68.05 

54.87 

4200.08 

75-93  Fe 

57.10 

02. 10  (Fe) 

79.38  (V) 

63.76  (Fe) 

03-63 

83.70  (Fe) 

76.36 

04.94 

84.24  (Fe,  V) 

77.81  (Sr) 

06.74  (Fe) 

84.71  V 

88.16 

15.82  (Sr,Fe) 

89.5    (Fe,V) 

90.50  V 

26.73  Ca 

91.67 

4092.47  (V) 

32.59  (V,Fe) 

4395.22  V 

4105.05  (V)? 

34.10 

4404.85  (Fe) 

09.65  (V) 

54.30  (Cr) 

08.3    (V,Fe) 

11.79  (V) 

58.34  (Fe) 

12.24 

13.69 

60.48  Fe 

21.95 

15.19  (V) 

74.80  Cr 

27.30  Fe 

16.58  (V) 

82.73  (Fe) 

37.85  V 

18.60 

85.84  (Ti) 

55.25 

21.62 

87.48  (Ti) 

62.03 

23.60  (V) 

89.59  (Cr) 

82.14 

28.00  V 

91.44  (Fe) 

94.37 

29.78 

94.  26  (Fe) 

4496.57 

32.07  (V) 

4299.07 

4548.61 

34.39  (V) 

4300.79 

80.23 

39-93  Fe 

02.67 

The  number  of  discrepancies  amounting  to  three  or  more  times  the 
probable  error  is  surprising.  These  large  differences  do  not  neces- 
sarily mean  that  the  identification  is  wrong,  as  they  may  be  due 
to  systematic  displacements  of  the  hues,  caused,  for  example,  by 
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a  partially  bright  edge  or  a  close  invisible  companion  line.  It  is 
possible,  of  course,  that  some  lines  have  been  erroneously  identified. 
These  may  be  detected  later  by  means  of  more  data,  especially 
by  measurements  with  higher  dispersion.  In  general  support  of 
the  identifications  in  Table  IV,  it  may  be  said  that  groups  of  Hnes 
which  are  shown  by  laboratory  work  to  belong  together  are  fairly 
consistently  represented  in  the  table. 

Among  the  most  prominent  absorption  hnes  in  class  Me  spectra 
are  the  low  temperature  hnes  of  iron,  vanadium,  manganese, 
chromium,  calcium,  and  strontium.  The  temperature  of  the 
reversing  layer  near  the  time  of  maximum  light,  as  indicated  by  a 
comparison  with  King's  studies  of  the  behavior  of  hnes  in  the  electric 
furnace,  is  about  2200°. 

It  is  hoped  at  some  future  time  to  make  a  detailed  study  of  the 
lines  present  in  the  spectra  of  long-period  variables,  especially 
of  their  relationship  to  temperature,  ionization,  and  spectral  series. 

MoxJNT  Wilson  Observatory 
May  1923 
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MOLECULAR  SPECTRA  AND  HALF-QUANTA 

By  E.  F.  barker 

ABSTRACT 

Theoretical  relations  between  half -quant  urn  numbers  and  band  spectra. — Half-quantum 
numbers  designating  steady  states  of  molecular  rotation  have  been  introduced  in 
several  recent  discussions  of  band  series.  Only  integral  transitions  are  considered,  but 
the  lowest  steady  state  is  assigned  one-half  quantum  of  angular  momentum.  This 
minimum  motion  may  be  attributed  to  the  coupling  between  molecular  and  electronic 
rotations.  An  effect  analogous  to  the  Stark  effect  for  line  spectra  has  been  shown  by 
Hettner  to  depend  upon  the  proper  choice  of  quantum  numbers  for  the  band  series, 
and  is  here  suggested  as  a  criterion  for  distinguishing  between  integral  and  half-quantum 
values.  The  general  modification  of  the  spectrum  is  of  the  second  order  and  cannot 
be  observed,  but  if  integral  numbers  are  assumed,  one  line  should  show  a  first-order 
effect. 

Experimental  evidence. — An  absorption  cell  containing  HCl  between  plates  of 
platinized  quartz  i  centimeter  apart  was  subjected  to  a  field  sufificient  to  spark  across 
a  gap  of  8  mm  in  air  between  i-inch  balls.  No  change  in  the  absorption  spectrum 
was  detected.  This  experiment  therefore  supports  the  hypothesis  of  half-quanta.  Other 
facts  pointing  in  the  same  direction  are  the  single  missing  line  at  the  band  center  for 
HCl,  and  the  position  of  the  zero  branch  for  CH^. 

In  a  very  complete  analysis  of  the  spectra  due  to  molecular 
nitrogen,  Kratzer^  has  shown  that  the  constants  characterizing  the 
various  band  series  are  much  more  consistent  with  one  another 
when  half-quantum  numbers  instead  of  integers  are  employed  to 
describe  the  rotation  states.  A  similar  designation  of  quantum 
states  for  certain  infra-red  band  spectra  of  the  simplest  type  had 
previously  been  suggested  by  Einstein^  to  account  for  the  fact  that 

'  Annalcn  der  Physik,  67,  127,  1922,  Munich  Academy,  March  4,  1922. 
^  Cf.  Reiche,  Zeitschrift  fiir  Physik,  i,  2S3,  1920. 
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a  single  line  is  missing  at  the  band  center.  More  recently  Kramers" 
has  discussed  the  subject  in  some  detail,  and  Curtis^  has  shown  that 
the  bands  of  helium  apparently  form  two  types,  one  of  which 
involves  half-quantum  numbers.  In  each  case,  of  course,  the 
transitions  are  integral;  no  partial  changes  of  state  have  been 
observed. 

Planck's  hypothesis  in  its  second  form  involves  a  distribution 
of  the  molecules  within  the  phase  space  such  that  the  average  action 
for  all  those  below  the  one-quantum  level  is  exactly  one-half,  the 
probability  of  the  rotationless  state  being  zero.  Thus  the  half- 
steps  might  be  attributed  to  the  characteristic  probability  distribu- 
tion inherent  in  the  quantum  hypothesis,  rather  than  to  the 
peculiar  structure  of  certain  molecules.  Such .  an  interpretation 
is  not  wholly  consistent  with  other  phases  of  quantum  mechanics, 
however,  and  fails  to  explain  the  two  types  of  band  series  in  He. 
Both  Kratzer  and  Kramers  have  preferred  to  attribute  the  angular 
momentum  characteristic  of  the  lowest  state  of  molecular  rotation 
to  a  coupling  between  the  motion  of  the  system  as  a  whole  and 
that  of  the  electrons  within  it. 

Sometime  ago  Hettner^  suggested  a  test  for  the  Sommerfeld- 
Bohr  method  of  defining  stationary  states,  which  now  becomes 
especially  significant  as  a  means  for  distinguishing  between  the 
two  possibilities  with  respect  to  the  choice  of  rotational  quantum 
numbers  for  HCl.  It  involves  the  modifications  to  be  expected 
in  the  absorption  band  when  the  absorbing  gas  is  subjected  to  an 
intense  electric  field,  and  is  thus  analogous  to  a  Stark  effect.  On 
the  supposition  of  discrete  stationary  states  of  rotation,  defined  by 
integral  quantum  numbers,  Hettner  showed  that  for  polar  molecules 
a  transverse  electric  field  should  introduce  precessional  motions, 
with  resulting  displacements  of  the  energy  levels.  Each  line  in 
the  band  series  would  thus  be  resolved  into  two  or  more  components, 
usually  lying  close  together,  and  more  or  less  symmetrically  dis- 
tributed about  the  position  corresponding  to  zero  field.  A  possible 
indication  of  such  resolution  has  been  found  in  the  visible  bands  of 

^  Zeitschrift  fur  Physik,  13,  343,  1923. 

^  Proc.  Royal  Soc,  loi,  38,  1922;  also  Nature,  June  3,  1922. 

^  Zeitschrijt  fiir  Physik,  2,  349,  1920. 
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nitrogen/  but  for  observations  in  the  infra-red  the  definition  is  so 
poor  compared  with  that  obtained  photographically  that  there 
would  be  little  hope  of  observing  this  general  effect.  For  one 
particular  line,  however,  a  relatively  large  and  very  characteristic 
modification  is  predicted.  If  there  occurs  a  transition  correspond- 
ing to  the  change  i-»o  in  m,  the  molecule  in  its  final  state  would 
be  lined  up  with  the  field  and  there  would  be  no  precession.  In  this 
case  the  two  energy  changes  (from  initial  states  with  precessions  in 
either  of  the  two  possible  directions)  would  each  be  larger  than  that 
corresponding  to  the  normal  transition  with  zero  field,  and  their 
difference  would  also  be  relatively  large.  As  a  consequence,  the 
first  line  on  the  low-frequency  side  of  the  band  center  should  be 
separated  into  two  components,  both  being  displaced  from  the 
normal  position  toward  longer  wave-lengths.  Hettner  computed 
the  displacement  to  be  expected  for  HCl,  assuming  an  electric 
moment  equal  to  the  product  of  the  electronic  charge  by  the  distance 
between  nuclei  as  determined  from  the  moment  of  inertia,  and  a 
field  intensity  of  50.000  volts  per  centimeter.  He  found  it  to  be 
nearly  half  the  normal  separation  of  lines  in  the  band,  and  hence, 
under  these  conditions,  easily  observable. 

Some  months  ago  the  writer,  then  a  Fellow  under  the  National 
Research  Council,  undertook  to  investigate  this  effect  experiment- 
ally. The  results  were  not  published  at  that  time  since  they 
proved  to  be  negative,  and  it  was  felt  that,  in  the  absence  of  an 
adequate  explanation,  further  observations  should  be  attempted 
with  larger  and  more  precisely  determined  field  intensities.  The 
problem  of  maintaining  intense  and  fairly  uniform  fields  across  an 
absorption  cell  of  rather  large  dimensions  containing  gas  at  atmos- 
pheric pressure  is  a  somewhat  difficult  one,  and  the  data  which 
have  been  obtained  can  hardly  be  considered  as  more  than  pre- 
liminary. It  appears,  however,  that  if  Hettner's  hypothesis  were 
correct,  some  slight  eft'ect  should  have  been  observable  under  the 
conditions  employed,  even  though  his  assumed  value  for  the 
electric  moment  is  probably  much  too  large.  On  the  other  hand, 
if  the  rotationless  state  is  an  impossible  one,  the  lowest  quantum 
number  being  one-half,  precessions  will  always  appear  when  the 

'  Datta,  Astrophysical  Journal,  57,  114,  1923. 
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gas  is  subjected  to  an  external  field.  The  energy  differences 
between  states  will  then  differ  from  those  corresponding  to  zero 
field  by  small  positive  and  negative  amounts,  and  the  various 
lines  of  the  series  will  be  separated  into  narrow  groups.  The 
integral  effect  appearing  in  the  absorption  curve,  where  these 
groups  cannot  be  resolved,  may  depart  only  imperceptibly  from 
the  normal,  and  an  analysis  of  the  band  under  the  influence  of 
the  field  thus  yield  negative  results.  In  particular,  the  two 
lines  adjacent  to  the  band  center  would  be  correlated  with  the 


3.5 /M 


3.4   fA 


Fig.  I. — a.     Central  portion  of  the  HCl  absorption  band,  without  field. 

b,  c,  d,  e,  and/.     Field  alternately  on  and  off,  ordinates  displaced  upward. 

same  transition  (4->f  or  |^|-)  and  no  unsymmetrical  displace- 
ment of  one  of  them  should  be  observed.  This  is  entirely  in  accord 
with  experimental  results,  a  few  of  which  are  shown  in  Figure  i. 
The  apparatus  employed  is  the  same  as  that  previously  de- 
scribed,^ except  for  the  absorption  cell.  This  consists  of  a  bakelite 
box  with  mica  windows,  inclosing  two  plane  parallel  electrodes 
of  platinized  quartz  i  centimeter  apart  and  2  centimeters  wide. 
The  edges  of  the  electrodes  are  rounded,  and  the  windows 
placed  about  2  millimeters  from  them  to  avoid  leakage  across  the 
mica  surfaces.  The  chamber  is  connected  with  a  reservoir  consist- 
ing of  a  large  deflated  rubber  balloon,  so  that  the  windows  are  not 

'  Barker,  Astrophysical  Journal,  55,  391,  1922. 
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deflected  by  changes  in  pressure.  The  field  applied  was  sufficient 
to  produce  a  spark  in  air  across  an  alternate  gap  of  8  millimeters 
between  smooth  i-inch  balls.  Even  with  this  field  a  brush  dis- 
charge sometimes  occurred  within  the  cell.  The  grating  was  ruled 
with  7200  lines  per  inch  in  the  echelette  form,  upon  a  surface 
of  copper  nickel  alloy,  with  an  effective  area  of  4  by  6  inches. 
Deflections  of  over  100  millimeters  are  obtained  at  3.5  /x.  Absorp- 
tion curves  were  taken  with  the  field  alternately  on  and  off,  the 
position  of  the  cell  remaining  unchanged.  Since  the  absorbing 
gas  was  not  subjected  to  a  uniform  field,  a  complete  separation  of 
lines  into  their  respective  components  could  not  be  expected ;  there 
is,  however,  no  indication  of  a  widely  displaced  component  on  the 
low-frequency  side  of  —  i,  and  indeed  no  observable  broadening  of 
any  of  the  lines.  This  may,  of  course,  mean  that  the  field  obtained 
was  insufficient,  or  that  the  predicted  values  of  the  displacements 
were  very  much  too  large.  It  seems,  however,  that  a  slight  distor- 
tion of  the  curve  should  have  been  detected  if  any  distinctly  unsym- 
metrical  resolution  had  occurred.  As  a  check  upon  these  observa- 
tions the  spectrometer  was  set  at  the  maximum  of  the  line  —  i, 
and  a  number  of  observations  taken  with  the  field  alternately  on 
and  off.  No  lowering  of  the  absorption  could  be  detected.  Simi- 
larly, no  increase  in  absorption  occurred  at  the  minimum  position 
between  —  i  and  —2.  The  spectrometer  was  then  set  for  a  point 
where  the  slope  of  the  curve  is  greatest  on  the  low-frequency  side 
of  —  I ,  and  where  a  very  slight  shift  of  the  line  would  make  a  rela- 
tively large  change  in  absorption.  Observations  here  showed 
no  noticeable  effect.  These  results  seem  to  be  in  agreement  with 
the  hypothesis  of  half-quanta  for  rotation. 

It  may  be  remarked  that  other  experimental  facts  point  in 
the  same  direction.  The  absence  of  a  single  line  at  the  band 
center,  instead  of  a  pair  as  predicted  by  Reiche,  is  thus  most  simply 
explained.  When  integral  values  are  assigned  to  m  we  must 
suppose  that  the  transition  o->i  does  not  occur  in  absorption,  but 
that  1^0  is  permissible.  Observations  show,  however,  that  the 
Hnes  -|-i  and  —  i  are  of  almost  equal  intensity,  which  is  hardly 
consistent  with  the  idea  that  the  final  state  for  one  of  them  is  an 
abnormal  one  (see  Fig.  2).     As  Kratzer  has  pointed  out,  if  half- 
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quanta  are  used,  both  these  lines  may  be  correlated  with  the  same 
pair  of  rotation  states,  f  and  I,  and  the  missing  line,  -l-^h  would 
correspond  to  a  reversal  in  sign  for  the  minimum  angular  velocity 
without  change  in  energy  of  rotation,  an  effect  not  to  be  expected 
as^  result  of  simple  absorption. 

Infra-red  band  series  of  this  type  with  a  single  absent  hne  have 
been  observed  for  the  hydrogen  halides,  and  possibly  also  for 
methane.^  In  the  latter  case  the  intensity  distribution  of  the 
lines  is  the  only  criterion,  since  the  band  center  is  masked  by  an 
intense  absorption  due  to  the  unresolved  zero  branch,  which  com- 
pletely hides  the  line  —  i  also.  The  presence  of  this  zero  branch  is 
of  particular  interest,  however,  in  the  determination  of  m  values. 
It  probably  originates  in  vibrational  transitions  unaccompanied 


—  4  —3  —2  —I  o  +1  +2  -I-3  +4 

4^-3         3^-2  2->i  i->o         0^1  i->2  2-^3         3->4         4->S 

|->l         i->l  1^1         f->i  i->i  i->l         i->l         i^i         i-^t 

Fig.  2. — Schematic   representation   of   a   simple   band   series,   with   transitions 

corresponding  to  integral  and  half-quantum  numbers,     vo  is  the  head  of  the  zero 

branch  if  m  is  integral. 

by  changes  in  m,  and  its  locus  intersects  the  axis  of  frequencies 
almost  normally;^  hence  for  small  values  of  m  there  is  little  separa- 
tion between  the  hnes.  If  m  is  integral,  the  intercept  Uo  should 
He  midway  between  the  two  lines  0:^1  of  the  other  series.  For 
half- values  of  m  the  frequency  Vo  coincides  with  that  of  the  missing 
Une,  and  the  first  line  of  the  zero  branch  occurring  at  m  =  ^. 
would  have  very  nearly  the  same  position.  Cooley  has  made 
observations  on  the  CH^  band  at  3.3  fx,  employing  reduced  tempera- 
tures in  order  to  suppress  that  part  of  the  zero  branch  corresponding 
to  higher  quantum  numbers.  The  maximum  of  the  unresolved 
portion  is  thus  displaced  toward  higher  frequencies,  and  clearly 
approaches  the  band  center  rather  than  a  position  midway  between 
it  and  the  line  —  i. 

'  Cooley,  Physical  Review,  21,  376,  1923. 
*  Sommerf eld,  A  tombau  und  Spektrallinien. 
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When  fractional  numbers  are  thus  admitted  for  the  designa- 
tion of  stationary  states,  the  question  at  once  arises  as  to  whether 
or  not  particular  fractions  only  are  permissible,  and  what  it  is  that 
determines  their  values.  An  answer  to  the  latter  question  must 
await  the  development  of  a  satisfactory  hypothesis  concerning  the 
electron  configurations  within  the  molecules  in  question.  Kratzer 
suggests  that  the  doublets  observed  in  the  nitrogen  bands  may  be 
due  to  a  slight  departure  of  the  m  values  from  exact  halves. 
There  is  no  indication  of  such  doublets  in  the  spectra  of  ECl  or  of 
CH^  although  in  each  case  the  series  have  been  observed  out  to 
the  twentieth  term  on  each  side  of  the  center.  It  follows  that  m 
must  assume  values  either  almost  exactly  integral  or  almost  exactly 
halfway  between  the  integers.  It  is  interesting  that  all  the  mole- 
cules for  which  infra-red  band  series  of  the  half-quantum  type 
have  been  identified  belong  to  the  class  involving  a  single  octet 
structure,  as  does  N-2  also,  according  to  Langmuir.  Thus  the  whole 
electron  group  of  each  is  a  unit  in  the  same  sense  as  it  is  for  the 
neon  or  argon  atom. 

University  of  Michigan 
June  14,  1923 
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By  EDISON  PETTIT 

ABSTRACT 

Method  of  testing  foeal  changes  in  mirrois. — The  mirrors  were  mounted  on  the 
coelostats  of  the  150-foot  tower,  the  60-foot  tower,  and  the  Snow  horizontal  telescope 
and  exposed  to  the  san.  The  position  of  the  focused  image  of  the  sun  was  determined 
at  intervals  over  a  period  of  several  hours  by  means  of  a  card  moved  along  a  scale. 
Each  pair  of  mirrors  was  tested  on  three  or  more  days  and  the  mean  curve  drawn. 
Both  long-focus  lenses  and  concave  mirrors  were  used  to  project  the  image.  The 
observed  focal  chang£s  are  all  reduced  to  the  scale  of  the  150-foot  tower  telescope  for 
comparison. 

Focal  changes  observed. — Seven  pairs  of  plane  mirrors  of  crown  glass,  pyrex  glass, 
and  speculum  metal,  and  of  varying  thickness  were  used,  with  and  without  cooling 
systems.  The  smallest  changes  observed  were  with  the  speculum-metal  and  the  pyrex- 
glass  mirrors.  For  the  first  hour  of  exposure  the  rate  of  change  in  the  pyrex  mirrors 
is  about  the  same  as  in  the  thick  crown-glass  mirrors  of  the  towers,  after  which  it 
ceases  entirely  and  the  focus  remains  constant  during  subsequent  e.xposure  to  the  sun. 
The  speculum-metal  mirrors  show  the  same  phenomenon,  with  a  slightly  smaller  focal 
change.  The  effect  of  wind  blowing  on  the  mirrors  is  to  reduce  and  even  to  reverse 
the  march  of  the  focal  plane. 

Nature  of  changes  in  figure  of  mirrors. — All  the  mirrors  tested,  except  the  crown- 
glass  mirrors  of  the  Snow  telescope  coelostat  and  the  speculum-metal  mirrors,  became 
concave  on  exposure  to  the  sun.  This  is  an  anomaly  dithcult  to  explain,  since  one  would 
expect  a  convex  figure  to  result  from  the  linear  expansion  of  the  surface  exposed  to 
the  sun. 

Seeing  conditions. — The  seeing  conditions  at  the  60-foot  tower  were  found  to  be 
greatly  superior  to  those  at  the  Snow  horizontal  telescope. 

One  of  the  principal  difficulties  encountered  in  solar  investiga- 
tions is  occasioned  by  the  focal  changes  taking  place  in  the  image- 
projecting  apparatus  when  the  fixed  form  of  telescope  is  employed. 
These  changes  of  focus,  due  to  the  exposure  of  the  mirrors  to  solar 
radiation,  are  often  accompanied  by  other  optical  disturbances. 
It  is  the  object  of  the  present  investigation  to  compare  systems  of 
mirrors  in  order  to  determine  their  relative  merits. 

Seven  mirror  systems  were  employed  as  follows:  (i)  The  150- 
foot  tower  telescope;  coelostat  mirror  20  inches  in  diameter,  fixed 
mirror  16  inches  in  diameter;  both  mirrors  of  crown  glass,  12  inches 
thick,  and  provided  with  jackets  through  which  a  stream  of  kerosene 
is  forced.  A  12 -inch  lens  of  150  feet  focal  length  forms  the  image. 
(2)  The  same  system  as  above  without  the  kerosene  pump  in  opera- 
tion.    (3)  The  same  system  with  the  crown-glass  mirrors  replaced 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  266. 
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by  two  mirrors  of  pyrex  glass,  12  inches  in  diameter  and  2  inches 
thick.  The  kerosene  cooHng  system  was  not  used.  (4)  The  60- 
foot  tower  telescope;  coelostat  mirrors  of  crown  glass  17  inches 
in  diameter,  fixed  elliptical  mirror  13X22  inches;  both  mirrors 
12  inches  thick.  A  12-inch  lens  of  60  feet  focal  length  forms  the 
image.  (5)  The  Snow  horizontal  telescope;  coelostat  mirror  of 
crown  glass  30  inches  in  diameter,  fixed  mirror  24  inches  in  diameter; 
both  mirrors  4  inches  thick.  A  concave  mirror  24  inches  in  diam- 
eter and  4  inches  thick,  of  60  feet  focal  length,  forms  the  image. 
(6)  The  same  system  as  in  (5)  with  crown-glass  mirrors  replaced 
by  mirrors  of  speculum  metal.  The  coelostat  and  fixed  mirrors 
were  10  inches  in  diameter  and  i§  inches  thick.  A  concave  mirror 
6  inches  in  diameter  and  i^  inches  thick,  and  of  60  feet  focal  length, 
was  used  to  project  the  image.  (7)  Mirrors  12  inches  in  diameter 
and  I  inch  thick,  used  in  both  the  150-foot  tower  and  the  Snow 
telescope. 

The  method  of  observing  was  very  simple.  The  coelostat  was 
directed  upon  the  sun  and  the  focal  position  of  the  sun's  image 
determined  by  means  of  a  white  card  moved  along  a  fixed  milli- 
meter scale.  Three  readings  were  made  for  each  determination 
of  focal  position  for  a  given  instant.  For  the  instruments  of  60-foot 
focus,  with  seeing  rated  at  about  4  on  a  scale  of  10,  the  deviation  of 
a  single  reading  from  the  mean  was  only  4  or  5  mm.  Quite  as  good 
settings  could  be  made  on  the  limb  as  on  a  small  spot.  The  scale 
readings,  plotted  against  the  times  of  observation,  represent  the 
march  of  the  focal  plane. 

Since  projection  systems  of  two  focal  lengths  were  used  in  observ- 
ing the  focal  changes  in  the  various  mirror  systems,  the  observed 
focal  changes  were  all  reduced  to  values  corresponding  to  a  projec- 
tion system  of  150  feet  focal  length  by  the  well-known  reciprocal 
equation.  Since  the  mirrors  are  sensibly  flat  at  the  beginning  of  a 
series  of  observations,  the  values  of  the  focal  distance  of  the  image 
may  be  obtained  by  applying  the  scale  readings  to  the  focal  length 
of  the  projecting  system. 

The  curves  of  the  focal  change  plotted  against  the  time,  for  the 
seven  systems  described  here,  are  given  in  Figure  i.  Each  of  these 
curves  is  the  mean  of  three  to  five  series  of  observations  on  as  many 
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Fig.  I. — Focal  changes  in  optical  S3'stems  including  coelostat  and  fixed  mirrors 
of  differing  composition  and  dimensions.  Ordinates:  focal  change  in  centimeters; 
abscissae:  duration  of  exposure  to  sunlight,  in  hours.  Positive  ordinates  indicate 
that  the  focal  length  is  greater  than  that  given  by  flat  surfaces. 
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different  days,  so  chosen  that  atmospheric  conditions  were  nearly 
the  same.  As  most  of  the  observations  were  made  in  September 
and  October,  they  may  be  taken  as  fairly  representative  of  the  best 
observing  conditions  of  the  year  on  Mount  Wilson. 

The  curves  are  numbered  according  to  the  descriptions  of  the 
mirror  systems  given  above.  The  unit  for  the  ordinates  is  i  centi- 
meter of  focal  change;  for  the  abscissae,  i  hour  of  time.  Positive 
ordinates  indicate  that  the  focal  length  is  greater  than  that  given 
by  fiat  surfaces. 

.  Several  points  are  significant.  The  mirrors  of  the  150-foot  and 
60-foot  towers,  which  are  12  inches  thick,  change  focus  more  than 
a  centimeter  per  minute  continuously  for  about  4  hours.  The  effect 
of  the  cooling  system  is  to  decrease  this  rate  to  one-half  centimeter 
per  minute,  but  this  change  continues  for  more  than  6  hours.  The 
rate  of  focal  change  in  the  pyrex  mirrors  for  the  first  hour  is  about 
the  same  as  that  in  the  thick  crown-glass  mirrors  of  the  towers.  The 
focal  change  then  ceases  entirely  and  the  focus  remains  practically 
fixed  for  a  period  of  more  than  6  hours.  These  mirrors  are  less 
affected  by  temperature  changes  than  any  others  tested,  except 
those  of  speculum  metal,  and  should  be  valuable  in  eclipse  work  as 
well  as  in  the  routine  solar  observations. 

With  the  exception  of  the  crown-glass  mirrors  of  the  Snow 
telescope,  and  the  speculum  metal  mirrors  (6),  the  focal  length  of 
all  those  tested  decreases  with  continued  exposure.  Hence  the 
mirrors  become  concave  when  exposed  to  the  sun.  This  is  an 
anomaly  difficult  to  explain,  since  one  would  suppose  that  the 
heated  side  of  a  poorly  conducting  substance  like  glass  would 
become  linearly  larger  than  the  unheated  side  and  hence  convex 
on  the  heated  side.  This,  however,  is  not  the  normal  behavior. 
That  the  observed  effect  cannot  have  anything  to  do  with  the  form 
of  the  optical  system  or  projecting  apparatus,  i.e.,  whether  the 
image-forming  device  be  a  concave  mirror  or  lens,  is  shown  by  the 
fact  that  the  i2Xi-inch  mirrors  gave  the  same  results  when  used 
in  the  150-foot  tower  with  a  lens-projecting  system,  when  used  in 
the  Snow  horizontal  telescope  with  mirror-projecting  system,  and 
when  used  in  the  Snow  telescope  with  the  150-foot  tower  lens  in 
place  of  the  concave  mirror.     The  30-inch  Snow  coelostat  mirrors 
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gave  sensibly  the  same  results,  whether  the  concave  mirror  or  150- 
foot  focus  lens  was  employed  to  form  the  image.  In  addition  it  is 
obvious  that  the  rate  of  focal  change  and  its  direction  are  not 
dependent  on  the  thickness  of  the  mirrors  employed,  since  the 
crown-glass  mirrors  of  the  towers,  which  are  12  inches  thick,  were 
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Fig.  2. — Dependence  of  focal  change  (centimeters,  at  the  left)  on  wind  velocity 
(miles  per  hour,  right). 

subject  to  focal  changes  of  the  same  sign  but  of  smaller  rate  than  the 
crown-glass  mirrors  12  inches  in  diameter  and  i  inch  thick,  while, 
on  the  other  hand,  the  Snow  coelostat  mirrors,  which  are  of  crown 
glass,  are  subject  to  focal  changes  of  the  opposite  sign. 

The  effect  of  a  cooling  system  in  reducing  the  rate  and  maxi- 
mum value  of  focal  change  is  shown  in  curve  i  in  Figure  i.  That 
much  the  same  result  can  be  obtained  by  forcing  a  current  of  air 
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over  the  mirror  has  been  pointed  out  by  Mr.  Hale.'  The  effect  of 
the  wind  blowing  over  the  mirrors  is  shown  in  Figure  2.  Here  the 
full-line  curve  shows  the  observed  focal  changes  in  the  Snow  coelo- 
stat  hour  by  hour  on  October  17,  192 1.  The  scale  of  focal  change 
in  centimeters  is  on  the  left.  The  broken  curve  represents  the 
corresponding  observed  wind  velocities,  the  scale  of  velocity  in 
miles  per  hour  being  on  the  right.  It  will  be  noted  that  the  effect 
of  increased  wind  velocity  is  to  reduce  and  even  reverse  the  sign 
of  the  focal  changes. 

■  If  we  assume,  for  the  extreme  case  of  the  two  thin  mirrors  12  X  i 
inches,  that  both  are  equally  affected,  it  can  be  shown  that  they 
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Fig.  3. — Comparison  of  seeing  conditions  at  the  60- foot  and  150- foot  tower  tele- 
scopes.    Ordinates:   seeing,  on  a  scale  of  10;   abscissae:   Pacific  Standard  Time. 

become  concaves  of  737  meters  focal  length,  corresponding  to  an 
observed  focal  change  of  5  meters  at  the  150-foot  tower  telescope. 
In  most  cases,  after  an  exposure  of  several  hours,  the  mirrors  show 
a  tendency  to  return  to  flat  surfaces,  indicating  an  approach  to 
a  uniformly  heated  condition. 

The  use  of  pyrex  or  speculum-metal  mirrors  has  not  only  the 
great  advantage  of  restricting  the  focal  changes  to  small  values  and 
confining  them  to  a  period  of  about  an  hour  after  exposure,  but  also 
the  accom.panying  advantage  of  reducing  the  astigmatism  of  field. 
This  astigmatism  is  caused  by  the  fact  that  the  incident  beam  of 
light  strikes  the  mirrors,  curved  by  exposure  to  the  sun,  at  large 

'  Ml  Wilson  Contr.,  No.  4;  Astro  physical  Journal,  23,  6,  1905. 
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angles  to  their  optical  axes.     This  may  be  a  seriously  disturbing 
factor  when  the  sun  is  observed  at  large  hour  angles. 

While  making  the  observations  for  focal  change  at  the  Snow 
horizontal  telescope  and  the  6o-foot  tower  telescope,  which  are  of 
the  same  focal  length,  the  atmospheric  conditions  were  directly 
compared.  Figure  3  shows  the  mean  values  of  the  seeing  on  a  scale 
of  10  plotted  against  the  time.  The  observations  were  made 
alternately  at  the  two  telescopes  and  are  thus  directly  comparable. 
The  superior  definition  of  the  60-foot  tower  is  apparent. 

NOTE  ADDED  SEPTEMBER  21,  1923 

As  a  result  of  the  experiments  described  here,  full-size  pyrex  mirrors  have 
been  obtained  for  the  iso-foot  tower.  The  coelostat  mirror  is  20  inches  in 
diameter,  the  fixed  mirror  16  inches  in  diameter;  both  mirrors  are  4  inches 
thick.  The  position  of  the  focal  plane  shows  little  change  for  the  first  hour 
after  exposure  of  the  mirrors  to  the  sun,  the  remainder  of  the  curve  of  focal 
change  being  essentially  that  given  for  the  smaller  pyrex  mirrors  in  Figure  i , 
curve  3.     The  maximum  focal  change  observed  is  60  cm. 

Mount  Wilson  Observatory 
May  15,  1923 


THE  RADIAL  VELOCITIES  OF  LONG-PERIOD 
VARIABLE  STARS^ 

By  PAUL  W.  MERRILL 

ABSTRACT 

Radial  velocity  observations  of  112  long-period  variables  and  five  irregular  variables 
have  been  secured  at  Mount  Wilson  since  19 19  in  continuation  of  the  program  begun 
at' Ann  Arbor  in  1913.  The  observing  list  consisted  of  Md  variables  having  maximum 
magnitudes  brighter  than  9.0.  Most  of  the  stars  were  observed  only  near  the  time  of 
maximum.  The  instruments  employed  were  one-prism  spectrographs  having  a  disper- 
sion at  H7  of  36  A  per  mm.  They  were  attached  to  the  100-inch  Hooker  telescope  or 
the  60-inch  telescope. 

M easxirements  of  the  spectrograms  were  made  by  the  usual  method  of  micrometer 
bisections  of  the  lines.  The  emission-line  velocities  depend  largely  upon  H7  and  H5, 
but  several  other  lines  were  used  when  available  (Table  I).  The  absorption-line 
velocities  are  based  primarily  upon  the  low-temperature  lines  of  several  metals.  The 
wave-lengths  were  revised  and  additional  lines  added  from  measurements  of  about 
50  stellar  spectrograms,  the  new  list  (Table  II)  being  used  throughout.  Mount  Wilson 
measurements  of  the  emission-line  velocities  for  112  stars  and  of  the  absorption-line 
velocities  for  43  stars  are  given  in  Table  III. 

Discussion  of  results  for  individual  stars. — Velocities  at  different  maxima  are  prob- 
ably the  same  within  errors  of  measurement.  A  slight  variation  of  emission-line 
velocity  with  phase  is  sho\\Ti  by  R  Leonis,  R  VirgLnis,  X  Ophiuchi,  x  Cygni,  T 
Cephei,  and  possibly  by  other  stars.  The  velocities  appear  to  have  algebraically  low 
values  for  a  month  or  two  after  maximum  light.  Stars  measured  at  more  than  one 
observator>^  are  listed  in  Table  IV.  Collected  radial  velocity  data  for  133  stars  are 
given  in  Table  V  together  with  periods  and  new  estimates  of  spectral  type.  Forty- 
seven  stars  have  radial  velocities  from  both  bright  and  dark  lines.  The  differences  of 
these  velocities,  with  other  data  of  interest,  are  tabulated  in  Table  VI. 

Statistical  studies. — The  relative  displacements  of  the  bright  lines  are  found  to 
increase  on  the  average  with  advancing  spectral  type  and  increasing  period  and  range. 
The  correlation  with  period  is  used  for  establishing  an  empirical  correction  to  be 
applied  to  the  bright-line  velocities  to  reduce  them  to  a  dark-line  basis,  since  the 
displacements  of  the  dark  lines  rather  than  those  of  the  bright  lines  appear  to  corre- 
spond to  the  true  radial  v^elocities.  Curves  showing  the  relationship  between  period  and 
relative  displacement  for  classes  Me  and  Se  are  reproduced  in  Figure  2.  The  absorption- 
line  velocities,  either  measured  directly  or  found  from  the  bright  lines  by  use  of  the 
curves  just  mentioned,  are  made  the  basis  for  studies  of  the  apparent  solar  motion. 
The  speed  of  the  sun  is  almost  three  times  that  usually  found  for  K  and  M  stars,  but 
the  position  of  the  apex  is  nearly  the  same.  The  following  values  are  representative: 
.i4o  =  28i°;  Z>o  =  -l-34°;  Fo  =  53km;  A'  =  -hikm;  arithmetic  mean  residual,  31km. 
Sixty-eight  stars  mth  residuals  less  than  25  km  give  Fo=48  km,  and  65  with  larger 
residuals,  Fo  =  65  km.  This  increase  in  Vo  furnishes  an  excellent  illustration  of  the 
well-known  velocity  asymmetry  of  high-speed  stars.  The  average  residual  radial 
velocity  is  found  to  decrease  with  advancing  spectral  type  and  increasing  period.  Very 
high  velocities  are  largely  confined  to  stars  of  types  M2e  to  Mse  and  to  stars  having 
periods  in  the  neighborhood  of  200  days. 

A  very  brief  general  discussion  of  the  properties  of  variables  which  show  some 
degree  of  interdependence,  and  of  the  general  evolutionary  problems  concerning  these 
stars,  is  included. 

'  Contributions  from  the  Mount  Wilson  Observatory,  No.  264. 
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INTRODUCTION 

The  spectroscopic  observ^ations  of  long-period  variable  stars, 
made  by  the  writer  at  Ann  Arbor  during  the  years  1913-16,^  and 
at  Mount  Wilson  since  19 19,  were  planned  with  two  principal 
objects  in  view.  One  w^as  the  measurement  of  the  radial  velocities 
of  a  considerable  number  of  variables,  upon,  which  could  be  based 
a  determination  of  the  apparent  solar  motion  and  average  peculiar 
motion  for  comparison  with  similar  data  relating  to  other  stars. 
The  possible  binary  character  of  these  variables,  and  the  interpreta- 
tion of  the  relative  displacement  of  bright  and  dark  lines,^  were,  of 
course,  to  be  considered  in  this  connection.  The  second  object 
was  a  study  of  the  physical  and  chemical  conditions  which  prevail 
in  the  long-period  variables,  with  especial  attention  to  changes 
which  occur  as  the  brightness  varies. 

The  determination  of  radial  velocities  has  thus  far  had  the  chief 
place  on  my  observing  program,  and  has  now  reached  such  a  stage 
that  it  seems  wise  to  collect  and  discuss  the  available  data,  as  they 
are  sufficiently  numerous  to  yield  fairly  satisfactory  results  for 
several  statistical  inquiries.  Should  further  observations  of  veloc- 
ity be  undertaken,  the  present  discussion  will  serve  to  suggest  how 
the  work  may  most  profitably  be  extended.  The  emission  lines 
of  many  faint  variables  could  still  be  observed  with  the  Hooker 
telescope  with  exposure  times  of  two  or  three  hours.  A  few  rather 
bright  variables  remain  unobserved  for  the  reason  that  during  recent 
years  the  time  of  maximum  brightness  has  nearly  coincided  with 
that  of  conjunction  with  the  sun.  Moreover,  numerous  stars 
already  observed  could  profitably  be  made  the  subjects  of  further 
study.  The  total  number  of  long-period  variables  now  listed-*  is 
about  600,  including  150  whose  periods  are  not  definitely  known, 
but  which  are  probably  long,  although  some  may  be  irregular. 
The  spectra  of  460  of  these  have  been  recorded:  415  are  of  class  M, 
385  having  bright  lines;   25  are  of  class  N;  and  16  of  class  S. 

Prior  to  191 6  the  radial  velocities  of  five  long-period  variables  of 
classes  M  and  S  had  been  published.     The  writer's  observations 

'  Publications  of  the  Astronomical  Observatory,  University  of  Michigan,  2,  45,  1916. 
^  Previously  recognized  by  other  observers  in  the  spectrum  of  o  Ceti  and  of  x  Cygni. 
^Harvard  Annals,  56,  197  (Table  IX),  1912. 
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at  Ann  Arbor  increased  the  number  to  43.  Since  191 6  Paddock 
has  reported'  the  velocity  of  T  Centauri,  and  the  present  investiga- 
tion adds  measurements  of  89  variables,  making  133  in  all. 

THE    OBSERVATIONS 

The  observing  program  for  the  present  investigation,  as  well  as 
that  for  the  previous  work  at  Ann  Arbor,  was  based  on  the  list  of 
variables  in  Harvard  Annals.  56,  197  (Table  IX),  1912.  It  included 
Md  variables  having  maximum  magnitudes  brighter  than  9.0. 
There  are  264  such  objects  in  the  Harv-ard  list,  of  which  201  are 
north  of  declination  —30°;  over  the  whole  sky  122  Md  stars  with 
maximum  magnitudes  of  9.0  or  fainter  are  known. 

The  formation  of  the  program  for  each  night's  observation  has 
required  much  more  attention  than  would  ordinarily  be  necessary 
in  the  investigation  of  a  group  of  stars  of  a  certain  spectral  type. 
The  faintness  of  these  variables  during  the  greater  part  of  their 
light-cycles  made  it  essential  that  nearly  all  of  them  be  observed 
within  a  few  weeks  of  the  maximum  phase,  and  after  a  few  dozen 
of  the  brighter  variables  had  been  observed  and  eliminated  from 
the  program,  the  number  available  for  observ'ation  on  a  particular 
night  was  often  surprisingly  small. 

The  predicted  times  of  maximum  in  Harvard  Circulars,  Nos. 
212,  220,  222,  and  227,  served  as  a  general  guide  for  the  selection 
of  stars  for  each  night's  work.  As  the  light-curves  are  not  uniform, 
however,  the  actual  time  of  maximum  is  likely  to  deviate  somewhat 
from  the  predicted  time,  and,  moreover,  the  maximum  brightness 
often  differs  very  considerably  from  the  average  maximum  value. 
Accordingly,  in  order  to  make  spectroscopic  work  with  the  large 
reflectors  as  effective  as  possible,  it  was  necessary  to  rely  on  a  con- 
siderable number  of  current  magnitude  determinations.  Usually 
it  was  not  feasible  for  the  writer  to  make  these  at  Mount  Wilson, 
but  at  the  suggestion  of  Professor  Bailey  a  very  satisfactory  arrange- 
ment was  made  by  which  predicted  magnitudes  of  selected  stars 
were  sent  each  month  from  the  Harvard  College  Observatory. 
These  predictions  were  by  ]\Ir.  Leon  Campbell  from  current  obser- 
vations made  at  Cambridge  and  by  members  of  the  American 

'  Lick  Observatory  Bidldins,  9,  68,  1917. 


2i8  PAUL  W.  MERRILL 

Association  of  Variable  Star  Observers,  which  is  rendering  highly 
important  service  by  systematic  observations  of  a  large  number  of 
long-period  variables.  The  photometric  data  in  Table  III  were 
also  supplied  by  Mr.  Campbell.  It  is  a  pleasure  to  express  my 
thanks  to  Professor  Bailey,  Professor  Shapley,  and  especially  to 
Mr.  Campbell,  for  their  kind  co-operation,  which  greatly  facilitated 
the  present  investigation. 

Practically  all  of  the  radial- velocity  observations  in  the  present 
investigation  were  made  with  two  single-prism  spectrographs  hav- 
ing camera  lenses  with  focal  lengths  of  i8  inches.  One  of  these, 
which  has  been  described  by  Mr.  Adams,^  is  attached  at  the  Cas- 
segrain  focus  of  the  6o-inch  reflector,  and  the  other,  which  has 
nearly  the  same  optical  dimensions,  is  attached  at  the  Cassegrain 
focus  of  the  loo-inch  Hooker  reflector.  The  dispersion  at  various 
points  in  the  spectrum  is  as  follows:  at  H|8,  56.6  A  per  mm;  at 
H7,  36.1  A  per  mm;  at  H5,  28.2  A  per  mm.  Nearly  all  of  the 
photographs  were  on  the  Seed  30  emulsion.  The  slit-width  was 
usually  0.05  or  0.06  mm.  In  connection  with  the  40-inch  colli- 
mator lens  this  gave  a  satisfactory  degree  of  purity. 

With  the  Hooker  telescope,  spectrograms  can  usually  be 
obtained  in  not  more  than  half  the  time  required  with  the  60-inch 
telescope.  The  importance  of  this  gain  in  speed  lies  not  so  much 
in  the  reduction  of  the  total  exposure  time  on  a  long  program  as 
in  the  fact  that  most  of  the  long-period  variables  are  bright  enough 
for  observation  during  only  a  few  weeks  of  each  year,  and  must 
often  be  photographed,  if  at  all,  at  large  hour  angles  with  exposure 
times  not  exceeding  one  or  two  hours. 

As  is  well  known,  the  color  of  the  long-period  variables  is  orange 
or  red;  the  color-index  of  the  Md  stars  is  usually  taken  as  1.8 
magnitudes.  Compared  with  the  visual  brightness,  the  blue  and 
violet  light  is  very  weak,  and  the  continuous  spectrum  to  the  violet 
of  X  4500  is  relatively  difficult  to  photograph.  On  many  plates 
only  the  bright  hydrogen  lines  H7  and  H5  are  measurable,  these 
lines  usually  being  so  strong  that  they  can  be  photographed  in 
5  to  20  per  cent  of  the  time  required  for  the  adjacent  continuous 
spectrum.     The  bright  Hy  and  H5  lines  of  a  tenth-magnitude  star 

^  Mt.  Wilsoti  Conlr.,  No.  59;   Aslrophysical  Journal,  35,  163,  1912. 
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can  ordinarily  be  photographed  with  the  Hooker  telescope  in  two 
hours  or  less.  Stars  fainter  than  the  ninth  magnitude,  however, 
were  seldom  observed  except  for  special  reasons.  Under  average 
conditions  an  exposure  of  two  hours  on  a  star  of  visual  magnitude 
9.0  usually  yields  a  plate  with  the  bright  hydrogen  lines  strong,  and 
with  the  continuous  spectrum  sufficiently  well  recorded  between 
X  4500  and  X  5000  to  allow  a  good  estimate  of  the  spectral  type,  but 
too  weak  in  the  region  X  4100  to  X  4500  for  satisfactory  measure- 
ment of  the  absorption  lines. 

I  desire  to  express  my  appreciation  of  the  efficient  aid  rendered 
in  the  observing  by  all  the  night  assistants  who  have  taken  part 
in  it.  Those  who  have  had  the  largest  share  in  the  work  are  Messrs. 
William  Klemann  and  W.  P.  Hoge. 

THE   VELOCITY   MEASUREMENTS 

The  velocity  determinations  have  been  carried  out  by  the 
method  of  micrometer  bisections  of  the  lines  on  the  spectrograms, 
with  measuring  machines  of  the  usual  type.  All  of  the  plates  have 
been  measured  twice  and  a  small  number  three  or  four  times. 
Different  measurements  of  the  same  plate  usually  agree  well. 
Altogether  about  Soo  plate  measurements  have  been  made,  60  per 
cent  of  them  by  the  writer,  and  nearly  all  of  the  remainder  by  Miss 
Florence  MacCreadie,  Mr.  T.  S.  Jacobsen,  and  Miss  Cora  G. 
Burwell.  An  interval  of  at  least  three  months  was  allowed  to 
elapse  between  two  measurements  of  a  plate  by  the  same  person. 

Velocities  from  emission  lines. — The  velocities  from  the  emission 
lines  depend  on  the  laboratory  wave-lengths  in  Table  I.  The  last 
two  columns,  which  give,  respectively,  the  numbers  of  plates  upon 
which  each  line  has  been  measured  at  Mount  Wilson  for  the  present 
investigation,  and  at  Ann  Arbor,  show  that  H7  and  H5  have  been 
used  for  the  velocity  measurements  far  more  frequently  than  any 
of  the  other  lines.  H/3  and  H^  have  occasionally  been  omitted, 
even  when  visible  on  the  plates,  on  account  of  poor  focus.  A 
spectrograph  adjusted  for  the  X  3900  region  and  having  optical 
parts  more  transparent  ii;  this  region  than  those  employed  in  the 
present  investigation  would  give  a  greater  relative  frequency  for 
the  H^  and  H77  lines. 
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The  bright  Knes  ofifer  very  definite  marks  for  the  setting  of  the 
micrometer  wire  as  they  have  been  noticeably  broadened  in  very 
few  instances.  The  agreement  between  individual  lines  is  generally 
good/  and  the  velocities  for  each  plate  are  more  accurate  than  one 
might  expect  from  the  small  number  of  lines.  Each  bright  line 
has  as  much  weight  for  a  velocity  determination  as  four  or  five 
average  absorption  lines  in  the  same  stars. 

Velocities  from  absorption  lines. — A  preliminary  table  for  the 
absorption  lines  was  formed  by  taking  the  available  laboratory 

TABLE  I 

Laforatory  Wave-Lengths  of  Emission  Lines 


I.  A. 

Number  of  Stellar  Spectrograms 

Mt.  Wilson 

Ann  Arbor 

383536     H„ 

^880.0'?     Hf 

10 

15 

Q 

5 

316 
57 
41 

345 
38 

133 

4 
24 

3905.51     Si 

•?o7o.o8     He 

5 
0 

4101 .  74     H5 

"5 
5 
0 

4202 .03     Fe 

4.^07 .01     Fe 

4340.47     Ht 

4571.  II     Mg 

4861.33     H^ 

113 
0 

35 

measurements  of  the  low- temperature  lines  of  Ca,  Cr,  Fe,  Mg, 
Mn,  Sr,  Ti,  and  V.  After  about  fifty  stellar  plates  had  been 
measured,  the  lines  which  had  been  used  less  than  five  times  were 
rejected.  The  velocities,  residuals,  and  probable  errors  were  then 
computed  for  the  remaining  lines,  and  the  list  of  wave-lengths 
was  further  revised  as  follows:  (i)  All  lines  showing  a  probable 
error  for  a  single  plate  greater  than  o.io  A  were  rejected;  (2)  wave- 
lengths of  the  remaining  lines  were  corrected  by  amounts  cor- 
responding to  the  average  residuals  when  these  exceeded  two 
and  a  half  times  their  probable  errors,  otherwise  the  original  lab- 
oratory values  were  retained;  (3)  lines  not  in  the  preliminary 
table,  but  measured  on  five  or  more  plates  were  added  if  the 
probable  error  from  a  single  plate  was  not  in  excess  of  0.08  A. 

^  Mt.  Wilson  Contr.,  No.  265;   Astrophysical  Journal,  58,  195,  1923. 
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These  rules  obviously  favor  the  original  laboratory  wave-lengths 
rather  than  those  obtained  by  measurement  of  stellar  spectrograms. 
This  was  thought  desirable  in  order  that  the  velocities  might  depend 
as  directly  as  possible  upon  laboratory  wave-lengths,  and  not  be 
unnecessarily  subject  to  systematic  errors  introduced  through  the 
use  of  wave-lengths  derived  from  a  limited  number  of  stellar  meas- 
urements. This  "Second  Revised  Table  of  Absorption  Lines," 
containing  sixty-five  lines  from  X  4026  to  X  4580,  is  the  basis  of  the 

TABLE  II 

Wave-Lengths  of  Absorption  Lines — Class  Me 
{Second  Revised  Table) 


I.  A. 


Element 


Element 


I.  A. 


Element 


4026 
4030 
4033 
4034 
4045 
4054 
4077 
4090 
4092 
4105 
4109 
41 II 

4115 
4116 
4118 
4121 
4123 
4128 
4129 
4131 
4134 
413Q 


85. 
07. 

58. 
87. 
86. 
85- 
SO- 
53- 
03- 
67. 
76. 
16. 
S8. 
58. 
65- 
59- 
00. 

85. 
97- 
40. 

93- 


(Mn) 
Mn 

(Mn) 
(Fe) 


(Sr) 

V 

iV) 


(V) 
V 
V 

iv) 


iv) 

V 


V 

(V) 
Fe 


4147.68. 
4149.78. 
4179.62 . 
4200.07. 
4206. 70. 
4215.70. 
4226.82. 
4234.08. 

4254-3S- 
4274.80. 
4282.62. 
4285.86. 
4287.49. 
4289.57. 
4291.47. 
4294.28. 
4296.04. 
4299.03. 
4300.79. 
4302.63. 
4306 . 08 . 
4307.76. 


Fe 


iV) 


Fe 

iSr) 
{Ca\ 


Cr 
Cr 

(Fe) 
(Ti) 
(Ti) 
(Cr) 
Fc 
{Fe) 


{Fe) 


4325 
4330 
4337 
4344 
4347 
4375 
4379 
4383 
4384 
4389 
4389 
4395 
4404 
4408 
4408 
4412 
4427 
4455 
4461 
4482 
4580 


{Fe) 

V 

Cr 

{Cr) 


Fe 

{V) 

{Fe) 
{Fe,  V) 

{Fe) 

{Fe,  V) 

V 

{Fe) 

{V) 
Fe 


Fe 
'{Fe?) 


absorption-line  velocities  in  Table  III.  It  is  reproduced  in  Table 
11.  Lines  having  the  chemical  identification  in  parentheses  are 
those  for  which  slight  changes  from  the  laboratory  values  have 
been  introduced  as  outlined  above.  Lines  without  identifications 
were  derived  directly  from  the  stellar  spectrograms. 

When  all  the  measurements  had  been  completed,  the  residuals 
were  again  formed  and  the  process  of  correcting  the  table  was 
repeated.  This  led  to  the  list  printed  as  Table  IV  in  Mt.  Wilson 
Contribution  No.  265.     A  logical  step  would  have  been  to  re-reduce 
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all  the  plates,  using  this  final  table,  but  this  was  not  done  because 
the  resulting  changes  would  probably  have  been  too  small  to  justify 
the  additional  labor.  Table  IV  in  Contribution  No.  265  is,  of 
course,  the  one  recommended  for  future  measurements  of  the  spectra 
of  long-period  variables  of  class  M,  having  dispersion  comparable 
with  that  used  in  this  investigation.^ 

Mount  Wilson  radial-velocity  data. — Table  III  gives  the  data  for 
the  radial  velocities  of  iii  long-period  variables  and  six  irregular 
variables  observed  at  Mount  Wilson.  The  first  column  contains 
the  name  of  the  star  and  the  Harvard  designation,  of  which  the 
first  four  figures  indicate  the  hours  and  minutes  of  right  ascension 
for  1900,  and  the'  last  two  figures  the  degrees  of  dechnation,  num- 
bers in  italics  representing  southern  declinations.  Dates  of  observa- 
tion are  given  in  the  second  column.  Spectrograms  on  dates  marked 
with  an  asterisk  were  made  with  the  60-inch  telescope,  aU  others 
with  the  100-inch  telescope.  The  column  headed  "Phase"  gives 
the  number  of  days  before  (  — )  or  after  (-}-)  the  nearest  maximum. 
In  the  column  "Absorption  Velocity"  are  given  the  measured 
velocities  in  kilometers  per  second,  and  the  number  of  lines.  The 
last  column,  "Emission  Velocity,"  gives  the  measured  velocities 
and  the  particular  lines  used,  the  Greek  letters  referring  to  hydrogen 
lines  in  the  Balmer  series.  The  individual  velocities  are  printed  to 
the  nearest  kilometer  only,  but  in  forming  the  means  the  original 
values  to  a  tenth  of  a  kilometer  were  used. 

*  36  A  per  mm  at  H7. 
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TABLE  III 
Radial-Velocity  Observations  of  Long-Period  Variables  at  Mount  Wilson 


Star 

Date 

Mag. 

Phase 
Days 

^'ELOCITY 

Absorpt 

on 

Emission 

S  Sculptoris 

001032 

1921  Nov.  12 
14 

1921  Nov.  13 

14 

1919  Sept.    3 
1921  Jan.    29* 

1919  Aug.  29 

31 

Sept.    5 

Oct.     I* 
14 
Nov.    9 

1919  Oct.     3* 

15 
16 

1022  Nov.    6 

1921  Nov.   12 

13 

1922  Sept.    S 

1923  Jan.     6 

7 

1922  Jan.    13* 

1920  Jan.     9 

16 

1922  Feb.   12 
13 

7-9 
7.S 

9   5 
9-5 

9.0 

8.S 

9.1 
9.0 
8.9 

8.S 
8.2 
8.1 
8.3 

7-5 
7-5 
7-5 

9.0 

8.2 
S.2 

9-3 

9.1 
9.2 

8.9 

8.6 
8.6 

7.9 
7-9 

-  31 

-  29 

-  16 

-  15 

+  21 

-  9 

-132 
-130 
-125 

-  123 

-  97 

-  86 

-  60 

-  25 

-  13 

-  12 

-  42 

-  4 

-  3 
+    19 

+   16 
+    17 

-|-    22 

-  I 

+     6 

-  2 

-  I 

+  II 
+  15 

75 

y& 

X  Androm. 

001046 

+  13.2 

-  16 

—  20 

ffy 

By 

T  Androm. 

001726 

-  90 

8 

-  18.2 

-  95 

-  95 

75 

1 

T  Cassiop. 

001753 

-  90 

-  IS 

19 

-  94-8 

-  27 

-  26 

-  22 

-  26 

-  22 

-  25 

7«f  390s 
6 

(-     9) 

23 

S 

::::::::::::;:i 

S 

-  7 
^  13 

32 
15 

yS 
784202 

Androm. 
001S38 

—  II  .0 

-  24.6 

—  44 

—  34 

-  31 

0yB 

-  6 

-  9 

11 

23 

0yi 
ffyS 

SCeti 

OOIQOQ 

U^Cassiop. 

004047 

-     8.2 

-  36.3 

+   20 

-  54 

-  54 

-  6i 

75 

—  45 

21 

0yS 

0yS 

Syd 

V  Androm. 

00443s 

-  S6.6 

-1-     8 
+     8 

0yS 

0yS 

S  Cassiop. 

011272 

Y  Androm. 

013338 

+    S.o 

-  54 

-  16 

-  17 

0y 

yd 

U  Persei 

OIS3S4 

+  IS 

21 

-  16. 8 

+     9 
+   II 

0yS 
y& 

+     90 
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Date 

Mag. 

Phase 
Days 

Velocity 

Star 

Absorpt 

ion 

Emission 

R  Arietis 

021024 

1921  Oct.    II 

12 

1920  July  31 

31 
31 

1921  Oct.    12 

igig  Sept.    4 
6 

8* 

1920  Dec.  27 

29* 

1922  Nov.    6 

6 

1919  Oct.    14 
15 
17 

1919  Oct.    14 

16 

1921  Sept.  22 

23 

1921  Nov.  14 
Dec.  15 

1920  Oct.    27 

28 

1922  Aug.    9* 

1919  Sept.    9* 

9* 

Oct.     3* 

7-9 
7-9 

7-9 
7-9 
7.9 

8.5 

S.o 
S.o 
8.1 

7.6 
7-7 
7-4 
7-4 

7-0 
7.0 
6.9 

8.6 
8-5 

8.9 
8.9 

8.6 
8.5 

8.7 
8.7 

8.8 

8.0 
8.0 
7.8 

-  16 

-  15 

-  19 

-  19 

-  19 

+  a 

-  2 
0 

+     2 

+  18 
+  20 

-  6 

-  6 

-  30 

-  29 

-  27 

-  18 

-  16 

+  32 
+  3i 

-36  ± 

-  S=t 

-  13 

-  12 

+  64 

-  13 

-  13 
+   II 

+  114 
+  116 

24 
12 

+106 
+101 

yS 
0y5 

W  Androm. 

021143a 

+  114.4 

—  22 

-  3i 

8 
10 

+  103. 5 

-  44 

-  47 

-  47 

-  43 

7« 

-    29 

20 

yb  4202 

RCeti 

022000 

-   28. 5 

+  46 
+  39 

23 
21 

-   45   0 

+   33 
+  30 
(+   28) 

75 
yS 

U  Ceti 

022813 

+   42.5 

+   31.6 

-  37 

-  45 

-  35 

-  41 

yd 

ffyS 

-    27 

18 

7« 
yS 

R  Trianguli 

023133 

+  68 
+  67 
+  66 

45 
40 
39 

-   39-4 

+   60 
+   59 
+  60 

yS 
75 
&y& 

R  Persei 

032335 

+  66.7 

-  82 

-  74 

10 
16 

+  59-6 

-  90 

-  88 

ffyS 
0yS 

T  Eridani 

035124 

-    78.2 

-  89.1 

+  36: 
+  33 

7« 

ffyi 

W  Eridani 

+  34 

+   14 
+     9 

yS 

7« 

R  Taiiri 

+   II. 4 

+   18 
+   20 

yS 

yS 

T  Camelop. 

04306s 

+    192 

—  19 

—  2 

—  4 

—  II 

0y 

X  Camelop. 

0yd 

0yS 

0yd 

-      5.8 
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Star 


Date 


Mag. 

Phase 
Days 

8.1 
8.6 

+22 
+  I 

8.8 
8.8 
8.8 

+  9 
+  10 
+  II 

8.1 
9.0 

+  35 
+  20 

8.0 
8.0 

+  8 
+  9 

8.0 
7.0 
8.0 
8.6 

+  65 
+  49 
+  73 
+  103 

8.7 
8.6 

-  24 

-  23 

8.6 
8.7 

+  25 
+  27 

7-4 
7.5 
7.6 

+  32 
+  36 
+  37 

7-4 
7.0 

-  27 

-  16 

7.0 
7.0 
7.2 
8.3 
8.1 
7.2 
7.2 
7.3 
6.6 
7.6 

-  IS 

-  13 

-  30 
+  60 

-  SO 

-  31 
+  3 
+  35 
+  10 
+  71 

Velocity 


Absorption 


Emission 


T  Leporis 

050022 . 


V  Orionis 

050003 . 


R  Aurigae 
050953. 


T  Columbae 
051533- . 


U  Orionis 
054920. 


X  Aurigae 
060450. 


X  Gemin. 
064030. 


X  Monocer. 
065208. . 


R  Gemin. 

070122a. 


ig22  Feb.   12 
1923  Feb.     6 


1919  Oct.  IS 
16 
17 


1917  Nov.  23* 
1921  Sept.  20* 


1921  Nov.  12 
13 


1919  Sept     4 

1920  Sept.    2 

26 
Oct.    26 


1919  Dec.  12* 
13* 


1920  Apr.     8 


1919  Nov.    9 
13* 
14* 


1919  Oct.     3* 

14 
IS 

17 

1920  Sept.  28 
Dec.  27 

1921  Sept.  21 
Oct.    10* 
Nov.  13 
Dec.  15 

1922  Nov.    6 

1923  Jan.     6 


+157 


-  36 


yS 


+  13       0yS 

+   17  /S-yS 

+    12  1875 


+   13-9 


-  18         7S 

—  13  yd  4202 


+   52 
+  55 


+   53-4 


-  33 

7«ri  4202, 3905 

-  41 

75  4202 

-  39 

yS  4202 

-  36 

7S  4571,4308,4202 

-  24 

-  28 


+  .67.2 


+152 

+146 

+142: 


+147-5 


76 


75 
75 


75 


S8 

PyB 

54 

tiyS 

S6 

tiy6 

56 

fiyi 

52 

Hy 

60 

UyS 

58 

Uy 

62 

HyH 

59 

tiyS 

55 

HyS 

56 

y6 

62 

tiyS 
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,  Star 


Date 


Mag. 


Phase 
Days 


Velocity 


Absorption 


Emission 


R  Can.  Min. 

070.310. . 


V  Gemin. 
07171.3. 


S  Can.  Min. 
072708. 


Z  Puppis 
072820b. 


T  Gemin. 
074323. 


R  Cancri 
081112. 


V  Cancri 
0S1617. 


RT  Hydrae 
082405. 


U  Cancri 
083010. 


1920  Mar.    3 

4 
7* 

1921  Feb.   25 
Mar.  26 

1922  Jan.    12 
Dec.     8 


1920  Feb.     7 
Mar.    3 


1922  Apr.   13 
14 


1921  Feb.   26 

27 


1921  Mar.  28 

Apr.   29 

1923  Jan.     8 


1920  Mar.    4 

5 
5 
6* 

7* 

192 1  Mar.  26 
Apr.   26* 


1919  Nov.    9 
13* 

14* 

1921  Apr.  27* 

1922  Jan.    13* 
Feb.  II 


1919  Dec.  13* 

1920  Mar.    s 


1921  Oct.   13 
14 


8.5 
8.4 


9.6 
9.6 


7-9 
7-9 


9.1 
8.6 
9.9 


8.S 


9.0 
8.0 


II-3 
11-3 


—  10 

—  9 

—  6 
+  20 
+  49 

—  33 

—  42 


-   18 
+      7 


-  72 

-  71 


+   22 
+   23 


—  23 
+  9 
+  65 


+  10 

+  14 

+  IS 

-  3 

—  12 
+  17 


—  100 

-  17 


+  44 
+  45 


+  42 

+  34 

+  32 

+  27 

+  26 

+  53 

+  41 


+    22 


+  38 

+  38 

+  38 

+  27 


37 
32 
19 
30 


(+  32-1) 


+  40         17 


+  33-3 


+   14 

+     7 


+   10.6 


+  54 
+  S6 


0y 
0y 


yd 

0yS 


+  54. 6 


+  13 
+  12 


+  12.6 


+  15 
+  12 
+      4 


+  II. 8 


+  23 

+  24 

+  26 

+  12 

+  13 

+  16 

+  17 

+  16 


+  18.4 


-  6 

-  17 

-  13 

-  17 

-  16 

-  II 


+  34: 
+  36 


+  35 


+  68: 
+  59 


+  61 


ys 

yS 


0yS 

fiyb 

ey 


yS 
yS 
yS 

yS 

yS 
y& 
75 
76 


fiyS 
fiyS 

Py& 

PyS 
PyS 
(373 


y 

yd 


yd 
0yd 
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Star 


Date 


Mag. 

Phase 
Days 

9.2 

0 

8.0 

—  II 

8.2 

—  21 

7.7 

-  3 

s.,s 
8.4 

-  24 

-  23 

7.8 

7-3 
7-3 

-  30 

+  4 
+  4 

9.0 
6.4 
6.3 
6.5 
7-4 

-  59 
+  24 
+  27 
+  27 
+  SI 

7.6 

+  57 

8.3 
5.8 
6.2 
6.9 
6.9 
7-7 
7-7 

+  76 
-  15 
+  18 
+  46 
+  47 
+  75 
+  70 

8.9 
7.2 

+  108 
+  71 

9.0 
9.0 

-  13 

—  12 

7.g 

7-9 

-  7 

-  6 

8.8 

+  8 

Velocity 


Absorption 


Emission 


X  Urs.  Maj. 
083350. 

S  Hydrae 
084803 . 

W  Cancri 
090425. 

R  Leo.  Min. 

093934. 

R  Leonis 
094211. 


1921  Mar.  28 


1920  Mar.  6* 

1922  Apr.  14 

1923  Jan.  5* 


1921  Nov.  13 
14 


1922  Feb.  12 
Mar.  18 


1920  Jan.  16 
Apr.  8 


V  Leonis 
095421. 

Z  Urs.  Maj. 
115158. 

R  Comae 
115919 

T  Urs.  Maj. 
123160. 


May  5* 


30 
Dec.  26 

1921  Jan.  28 
Feb.  25 

26 

Mar.  26 

27 

Apr.  28 

1922  Dec.  8 


1920  June  I 


1920  Mar.  3 


1919  June  9* 


1922  Jan.  13* 


+  8 
+  '12' 


+  9.5 

+  'l2'" 

+  'i6"' 
+  16 


+  14  47 
+  10  42 
+  II    31 


+  18 


+  13.8 


53    34 
52    14 


—  526 


+  62 
+  70 
+  66 


+  66.1 


+  36 
+  ii 


0yS 


0ys 

0yS 


yS 
yS 


+   34-7 


+  1  75 
—  2  75 
-3    75 


+  3 


+  3 


-  30.8 


-  60 

-  57 

-  58.4 


yS  4202 
y&  4202 
yS  4202 
75«f'7  4571, 4308, 

4202,390s 
75«J-r)  4571,4308, 

4202,  390s 
7*  4571,  4308,  4202 
76 
75 
ySetv  4202,390s 

7«rifl'  3905 

75  4571,4308,4202 
7««f'?  4571,4308, 

4202,  3905 
75  4571,4308,4202 
75  4202 


yS 
yS 


yS 
76 


76 
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Star 


Mag. 


Phase 
Days 


V'elocity 


Absorption 


Emission 


R  Virginis 
123307. 


S  Urs.  Maj. 
I 23961. 


U  Can.  Ven. 
124238.. 


U  Virginis 
124606. 

RT  Virginis 
1257050 

SW  Virginis 
130802. 

V  Virginis 
132202. 


R  Hydrae 
132422. 


S  Virginis 
132706. 


T  Centauri 
133633- 


1920  May     I 

1922  Feb.   12 

May  15 


1920  Apr.     8 

10 
June    3* 
Dec.  20* 

1921  Jan.    28 

1922  Feb.   II 
Mar.  19 


1920  Mar.    5 


1920  Mar.    6* 
Apr.     8 


1920  Mar.    3 

1920  Mar.    4 

1921  Feb.   26 

27 


1920  May  31 
July     8 

1921  Jan.    30* 

30* 
30 
Feb.  25 
Mar.  27 
Apr.  29 
May  26 

1922  Feb.   13 
192s  Jan.     4* 

5* 


1920  Jan.    16 
Mar.    4 
6* 
1922  Mar.  2o* 


1921  Apr.   28 

1922  July   12 


Q.I 

8.5 
9.0 


9.1 

8.2 


9.5 
9.6 


8.0 
7.7 
7.8 
7-9 


6.4 
6.3 


—  41 
+  32 

—  32 


-  31 

-  29 
+  25 

+  25 

+  48 

-  28 

+  S 


-  37 

—  4 


+    21  24 


—    12  19 


+     7 
+     8 


—  162 

—  124 
+  82 
+  82 
+  82 
+108 
+138 
+171 
+198 
+   52 

-  38 

-  37 


-  28 

+  20 

+  22 

+  14 


+   20 
+   13 


+   22 
+   27 


+   24.6 


—  26         75 

—  43        0-r^ 

—  24         76 


-  7 
+      4 

—  4 


-  61 

-  56 


By 

8y 

By& 
ffy 

0y 
ffyi 


yS 
0yS 


58.1 


+   23 
+    27 


+   25.0 


—  18 
(-  22) 
(-   27) 


—   10 

(-     S) 


4571,  4308 
& 

y& 

yS  4571,4308,4202 
7S  4571,4308,4202 
(875  4571,4308,4202 
/37  4571,4308,4202 

4571,4308,4202 

4571,4308 
yS  4202 
75 
76 


75 
yS 
B 


+  14       0y 
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Star 

Date 

Mag. 

Phase 
Days. 

Velocity 

Absorption 

Emission 

W  Hydrae 

134327 

1921  Feb.   28 
Mar.  28 
May  24 
June  20 

1922  Apr.   13 
May  15 
June  11 

IS 

1923  Jan.    8 

1922  Apr.  13 

14 

May  16 

1919  Aug.    6* 
6* 

1919  July     9* 
10* 

1919  June    9* 
10* 

1919  June    9* 

10* 

July     8* 

1922  May  17* 

1923  Feb.     5* 

1919  June    9* 

1921  May  25 
June  21 

1922  Mar.  18 

1922  Apr.  13 

14 

May  15 

1920  July  30 

31 

(7.3) 
(6.5=*=) 

7 

8 

7 

7.2 

7.S=t 

7.5=^ 

7      ± 

7.7 
7.7 
8.4 

7-7 
7.7 

8.8 
8.8 

7.8 
7.8 

8.2 
8.2 
8.9 
8.2 
8.2 

7.8 

9.2 
10.2 
9.6 

8.5 
8.S 
8.5 

7.8 
7.8 

+  41        19 

+  26 
+  24 
+  24 
+  25 
+  29 
+  27 
(+  39) 
+  28 
+  31 

y&  4202 

y^  4571,4308,4202 

yS  4571,4308,4202 
/St  4571, 4308, 4202 
yi  4202 
Pyi  4571,4308,4202 

y  4571 

yi  4571,4308,4202 
yS 

+  43        35 
+  44         19 

-  9 

-  8 
+  24 

+     9 
+     9 

-  19 

-  18 

+  35 
+  36 

+     7 
+     8 
+  36 

-  18 

-  24 

+     7 

+  13 

+  40 
+  45 

-  18 

-  17 
+   14 

-  6 

-  5 

R  Can.  Ven. 

134440 

+  42.3 

-     6        46 

+  26.4 

-  20 

-  24 

-  25 

yS 

yS 

yS  4202 

—  12         40 

U  Urs.  Min. 

141567 

-     8.9 

-  23.1 

-  44 

-  43 

yS 
yi 

SBootis 

141954 

-  43-3 

-  24 

-  26 

fiyS 

/3tS 

RS  Virginis 

142205 

-  25.0 

-  43 

-  37 

yS 
yi 

R  Camelop. 

142584 

—  40.0 

—  50 

—  40 

—  41 

—  49 

—  28 

/St 
&y 
Py 
fiy 
0y 

V  Bootis 

142539 

-  42.9 

-  47 

-  r8 

-  9 

-  15 

yi 

yi 
t5 
yi 

Y  Librae 

150605 

S  Librae 

1 51 520 

-   15.0 

+  2S8 
+283 
+283 

&yi 
/3t« 

S  Serpentis 

151714 

+  284.6 

0 
-     3 

tS 

yi 

-      1.9 
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Date 

Mag. 

Phase 
D.Ava 

Velocity 

St.\r 

Absorpt 

ion 

Emission 

RS  Librae 

1 51822 

1920  July     6 

1921  Feb.   26 

1921  July   21* 

24 

1920  Sept.    4* 

1921  Aug.  14* 

-      15* 

1920  May    1 

30 

June    I 

July     8 

1922  Mar.    8 

1923  Feb.     s* 

1920  Mar.    3 

1920  Apr.  10 
1922  July   II 

1920  Mar.    3 

4 
7* 

1921  Apr.  26* 

1921  June  20 

22* 

1920  Sept.    3 

4 

1920  July     6 

7 

1921  Feb.  25 

26 

1920  May     I 

S.o 

7-4 

8.5 
8.4 

8.3 
8.3 
8.3 

7.6 
8.8 
8.8 
10.7 
7-1 
7.o± 

-  7 
0 

-  8 

-  5 

-  30 

-  12 

-  11 

+  46 
+  75 
+  77 
+114 
+  12 

-  9 

-  9 

-  18 

75 

75 

^ 

RU  Librae 

152714 

-  151 

-  62 

-  57 

/375 

8yB 

S  Urs.  Min. 

153378 

-  59-5 

-  55 

-  50 

-  53 

75 

75 

75 

R  Serpentis 

154615 

-   52.7 

+     3 
+     6 
+     4 
+     3 
+      7 
+   10 

75 

ky&  457i,'43o8, 4202 

0yi  4571, 4308,  4202 

75  4571, 4308, 4202 

+  22 

44 

7« 
7S 



ST  Herculis 

154748 

RR  Librae 

155018 

-  ii 

40 

+     5-3 

-  40 

—  41 

9.2 

8.8 

6.9 
6.9 
6.9 
6.5 

8.6 
8.7 

8.3 
8.2 

8.8 
8.8 

8.4 
8.4 

5.2 

+   20 

—  12 

+   II 
+   13 

—  II 

—  10 

—  18 

—  17 

+     I 
+       2 

75 

75 

X  Herculis 

IS5947 

-  92 

-  92 

-  91 

-  88 

45 
40 
38 
35 

—   40.6 

R  Herculis 

—  90.1 

—  40 

—  44 

0yS 

73 

U  Serpentis 

-  42.1 

-  37 

-  42 

0yS 

eys 

RU  HercuUs 

160625 

-  39-8 

-  a 

-  42 

yd 

yd 

W  Cor.  Bor. 

161138 

-  37.6 

+  12 
+      9 

PyS 

8yS 

G  Herculis 

162542 

+     2 

49 

+    10.5 
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Star 

Date 

Mag. 

Phase 
Days 

Velocity 

Absorption 

Emission 

R  Draconis 

163266 

1919  July     9* 
Aug.    2* 

8* 

Sept.    8* 

9* 

1922  Apr.  16* 

1920  July  31 

192 1  Mar.  28 

1922  Aug.    9 

10 

1920  Sept.    3 

4 

1919  Aug.  11 
12 

.1922  May  17* 

1919  Oct.   14 
15 

1922  July   n 
12 

8.9 
8.0 
8.0 
8.8 
8.8 
7-9 

6.6 
7.4 

8.7 
8.7 

95 
9-S 

9.1 
91 

8.1 

8.5 
8.5 

8.4 
8.4 

-  30 

-  6 
0 

+  31 
+  32 

-  8 

-  3 

-  45 

+     I 
+     2 

+  SO 
+  51 

-  18 

-  17 

-  2 

-  34 

-  33 

+     6 

+     7 

-143 
-151 

—  143 
-143 
-142 

—  144 

yS 

—  138         21 

0yS 
yS 

yd 
75 

RR  Scorpii 

165030 

-144.2 

—  47 

—  43 

75 

yS 

SS  Ophiuchi 

165202 

-  45-1 

-  38 

-  48 

PyS 

fiys 

RS  Herculis 

171723 

-  42.9 

-  54 

-  48 

yS 

yS 

RY  Herculis 

175519 

-  39         IS 

-  39         11 

-  SO. 8 

-  SO 

-  50 

7Sf 

T  Herculis 

-  38.9 

-  50.1 
-136 

-180 

-177 

0y& 

WLyrae 

■  181136 

-174         44 

y& 
yd 

RY  Ophiuchi 
181103 

-178. 5 

-  71 

-  72 

fiyS 

ffyS 

X  Ophiuchi 

183308 

—   70.6 

-  71.8 

-  83.4 

-  S8 

-  62 

AE  Herculis 

183922 

1922  July     7 
f       12 

1920  Oct.   26 

28 

1921  Aug.  II 

1921  June  20 

1922  July   13 

9.5± 
95^ 

5.9 
5-9 
6.3 

8.5=^ 
9.1 

fiyS 

0yS 

—  4 

—  2 

—  20 

+  39 
+  65 

R  Aquilae 

190108 

+  30         32 

—  60.4 

+  22 
+  23 
+  24 

yS 
yS 

+  a       38 

75 

T  Sagittarii 

191017 

+  31-5 

+  22.8 

-  19 

—  20 

PyS 

0y 

-   194 
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Date 

Mag. 

Phase 
Days 

Velocity 

Star 

Absorption 

Emission 

R  Sagittarii 

191019 

1919  July     8* 

8* 
Aug.  13 

1921  Mar.  26 

27 
Apr.  28 
May  26 
June  19 
July  23 

1922  May  17* 
June  14* 
July  11 

1920  May  30 
June     I 

30* 
July  29 
Sept.    3 

26 
Oct.   26 

1919  Aug.    6* 

10 

1920  June     2 

1921  May  25 

1919  June  10* 
Oct.    16 
17 

1919  June    9* 
1921  Sept.  20* 

1919  Nov.  13* 
14* 

7-7 
7-7 
8.6 

7-2 
7-3 
8.9 
9.2 
9-7 
10.6 
6.8 
8.0 
8.9 

8.2 
8.1 
5.2 
5.8 
6.S 
8.1 
9.6 

8.6 
8,6 
8.6 
8.7 

8.9 
9.0 

8.8 
8.8 
8.8 

8.5 
8.7 

0 

0 

+  36 

+  30 
+  31 
+  63 
+  91 
+11S 
+149 
+     4 
+  32 
+  59 

—  31 

—  29 

—  1 
+  28 
+  64 
+  87 
+117 

—  3 

—  2 

—  1 
+      I 

—  2 

—  10 

+      2 

0 

+     I 

+     9 

—  7 

-  SO 

-  54 

-  52 

0y 

0yS 

yd 

R  Cygni 

193449 

-  52.3 

-  49 

-  47 

-  45 

-  44 

-  44 

-  42 

-  49 

-  51 

-  44 

PyS 

ffyS 

0yS  4308 

0yS  4571,  4308,4202 

^75  4571,4308,4202 

Py  4571,4308,4202 

fiyS 

0yS  4308 

^75  4308 

X  Cygni 

194632 

-  46.2 

-  IS 

-  17 

-  21 

-  20 

-  18 

-  19 

-  14 

y& 

yb 

—  I        29 

-  5         33 
0         18 

/37« 

fiyS  4308,  4202. 

Py&  4571,  4308,  4202 

Pyb  4571,4308,4202 

Pyb  4571,4308,4202 

Z  Cygni 
6(1^195849 

—     2.1 

-   17.8 

-168 
-177 
-177 
-173 

75 

75 

7« 

S  Cygni  W 

-1731 

-   34 
(-    27) 

fiyb 

y& 

ZJAquilae 

20ogo6 

—  33-7 

(-      I) 

—  9 

—  12 

&y 

yh 

&y 

R  Delphini 

201008 

-  10.3 

-  56 

-  54 

yh 

yd 

V  Aquarii 

-  54-8 

-  49 

-  57 

7« 

7« 

-   52.9 
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Star 

D.ATE 

M.\G. 

Pha.se 
D.ws 

Absorpt 

ion 

Velocity 

Emission 

T  Aquarii 

204405 

1919  July     9* 

g* 
Aug.     6* 
11 
12 

1921  Oct.    12 

13 
13 

1917  Nov.    3* 
Dec.     3* 

1918  Jan.      2* 
Oct.    24* 

1920  June    3* 
July     5* 

28* 
Sept.    5* 

1921  June  21 
July  24 

1922  Aug.    9 

10 
Sept.    8 

1922  July  12 

13 

1921  July  24 

25 

1921  Aug.  12 

1919  Aug.  29 

31 

Sept.   4 

5 

7 

1921  Sept.  22 
23 

7.8 
7.8 
7-9 
8.0 
8.0 

8.7 
8.7 
8.7 

7.6 
6.8 
5.8 
7.2 
8.0 
8.9 
9.4 
10. 1 

9.4± 
9.0=1= 

10. 0 
10. 0 

9.2 

10. 0 
10. 0 

9.S 
95 

9-5± 

8.3 
8.2 
8.0 
8.0 
7-9 

10. 0 
10. 0 

-  16 

-  16 

+  12 
+  17 
+  18 

-  9 

-  8 

-  8 

-  74 

-  44 

-  14 
-107 
+   77 
+109 
+132 
+  171 

-  18 
+  IS 

-34=*= 

—   4=^ 

+  42 
+  43 

+   22 
+   23 

+   14 

-  14 

-  12 

-  8 

-  7 

-  S 

+  29 
+  30 

-  S8 
~  55 

-  54 

-  52 

-  54 

^75 

/J75 

^76 

-  41 

-  36 

12 

18 

75 

7« 

X  Delphini 

205017 

-  38.2 

-  S8 

-  55 

21 
10 

-  54  9 

-  64 

-  62 

-  63 

7« 
75 
yh 

T  Cephei 
210868 

-  56.6 

—  62  .9 

—  2g 

—  21 

—  26 

—  21 

—  27 

—  24 

—  19 
(-    19) 

h 

-  9 

-  8 

-  12 

12 
16 
23 

yS 

0yS^v  3905 

yS 

75  4571,  4308,  4202 

4S7I>  4308,  4202 

R  Equulei 

-.9.6 

-    24.1 

-  61 

-  63 

73 

75 

RR  Aquarii 

21000$ 

—   62.0 

-187 
-191 
-195 

PyS 

fiyS 

fiyS 

T  Pegasi 

220412 

—  191 .0 

—  22 

—  26 

yS 

yd 

RS  Pegasi 

220714 

-  23.9 

-  38 

-  42 

yS 

y& 

RT  Aquarii 

221722 

S  Lacertae 

222439 

-  40.0 

-  43 

-  63 

-  67 

-  65 

-  66 

-  67 

yS 

-  53 

-  61 

-  S8 

-  6i 

-  62 

16 
22 
40 
38 
30 

7« 

7«r 

7«f  7)  3905 

7«f 

7V') 

R  Lacertae 

223841 

-    59-7 

-  65.9 

+  10 

+      7 

7« 

yS 

+      8.2 
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Star 


Date 


Mag. 


Phase 
Days 


Velocity 


Absorption 


Emission 


S  Aquarii 

V  22 $120. 


V  Cassiop. 
230759- 


1919  Sept.  4 
9* 
1922  Nov.  6 


1919  Aug.  6* 
7* 
8* 


1922  Oct.    10* 


8.0 
7-9 

9.2 


R  Aquarii 
233815- 

VCeti 

235200. 


R  Cassiop. 
235350. 


SV  Androm. 
235939 


1921  July  25 
Aug.  II 


1920  Sept.  27 
Oct.  28 
1923  Jan.  4* 


1921  Sept.  21 
22 
23 


8.8 


8.6 
9.2 
7-4 
7-5 


9-4 
9.4 
9-3 


+   29 


—     4 
+   13 


+  57 

+  88 

+  5 

+  9 


-  6 

-  5 


75 


0yS 
/3-yS 
75f 
yS^TI  4202 


-47.6 


+  47 
+  40 


ffyS 
Pyd 


+  43-1 


+     6 

yS 

+     5 

yS  4202 

+     5 

yd 

+  13 

yS 

+  6.3 


■   97 
-100 


yS 
yS 
yd 


NOTES  TO  TABLE  III 

001755,  T  Cassiopeiae:  On  the  plate  of  Aug.  29,  1919,  the  comparison  spectrum  is  imperfect.  On  the 
plate  of  Sept.  5,  1919,  the  comparison  spectrum  is  slightly  shifted,  owing  to  a  change  in  the  temperature  of 
the  spectrograph  during  the  exposure.  The  definition  of  the  stellar  spectrum,  however,  is  good  and  the 
measured  difference  of  the  velocities  from  the  bright  and  the  darli  lines  is  considered  reUable.  The  differ- 
ence on  this  plate  was  found  to  be  15.5  km,  which,  when  applied  to  the  adopted  velocity  for  the  bright 
lines  from  the  other  plates,  gives  —9.1  km  as  the  velocity  from  the  absorption  lines.  Bright  H7  is  very 
weak  on  the  first  plates,  and  increases  in  strength  during  the  series.  This  is  in  harmony  with  the  charac- 
teristic behavior  as  outlined  in  Mt.  Wilson  Conlr.,  No.  200;  Aslropkysical  Journal,  53,  185,  1921.  H7 
does  not  become  a  very  conspicuous  line  on  any  of  my  plates,  all  of  which,  however,  were  taken  well  before 
maximum.  In  the  notes  to  Henry  Draper  Catalogue,  Miss  Cannon  has  remarked  upon  the  lack  of  strength 
of  the  bright  H7  and  H5  lines.  The  bright  line  X  4202  is  beginning  to  appear  on  the  last  two  Mount 
Wilson  plates.  The  presence  of  X  3905  as  a  bright  line  on  the  first  plate  is  interesting  as  showing  its 
occurrence  in  considerable  strength  so  long  before  maximum.  The  close  bright  companion  to  H5  on 
the  red  side  is  well  marked  on  most  of  the  plates.  Bright  X  4512  is  especially  strong  in  this  star.  The 
continuous  spectrum  from  H7  to  X  3900  is  surprisingly  strong  compared  with  that  from  H7  to  H/3. 

004047.  U  Cassiopeiae:  On  the  last  plate  the  titanium  bands  are  decidedly  stronger  than  on  the 
first  two,  and  bright  H5  is  stronger  relatively  to  H7.  These  changes  in  the  spectra  of  class  S  stars  will  be 
discussed  more  fully  in  another  contribution. 

022000,  R  Ceti;   The  plate  of  Sept.  3  is  very  poor. 

065208,  X  Monocerotis:  The  bright  hydrogen  lines  are  less  intense  than  in  most  variables.  This 
star  has  been  considered  irregular  (Henry  Draper  Catalogue,  Harvard  Annals,  92,  308,  1918),  and  it  was 
not  included  in  the  computations  in  this  paper  which  relate  to  the  period.  A  recent  Harvard  Bulletin 
(No.  787),  however,  gives  the  period  as  155.3  days,  and  this  value  has  been  entered  in  Tables  V  andVI 
and  the  star  has  been  added  to  the  plot  in  Figure  2.  The  short  period  is  in  harmony  with  the  star's  high 
velocity  and  its  spectrum. 
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074323,  T  Geminorum:  The  M-t>Tpe  bands  are  weaker  on  the  second  plate  than  on  the  other  two. 
The  third  plate  is  poor  and  the  velocity  derived  from  it  is  assigned  half-weight. 

0S1112,  R  Cancri:  The  proper  value  for  the  mean  velocity  from  the  emission  lines  and  especially 
that  from  the  absorption  lines  is  doubtful  to  the  extent  of  a  few  kilometers,  owing  to  the  systematic  diver- 
gence of  the  first  three  plates  from  the  others.  The  discrepancy  may  be  connected  with  the  fact  that  the 
first  three  plates  are  strongly  exposed,  the  bright  hydrogen  lines  being  much  overexposed.  In  general, 
however,  strong  and  weak  exposures  do  not  show  any  decided  systematic  diflterences,  although  there  seems 
to  be  some  obscure  effect,  which  operates  only  occasionally,  tending  in  a  few  instances  to  cause  spectro- 
grams made  with  the  loo-inch  telescope  to  jn'eld  algebraically  larger  velocities  than  spectrograms  of  the 
same  star  made  with  the  6o-inch  telescope.  The  adopted  emission-line  velocity  for  R  Cancri  is  the  simple 
mean  of  all  the  individual  results;  to  obtain  the  absorption  velocity,  the  average  value,  absorption  minus 
emission,  for  the  first  four  plates,  13.7  km,  was  added  to  the  mean  emission-line  velocity. 

115158,  Z  Urs.  Maj.:   The  bright  hydrogen  lines  are  weak. 

ii59ig,  R  Com.  Ber.:   Not  in  the  Henry  Draper  Catalogue. 

1-3307,  R  V'irginis:  The  apparent  variation  in  velocity  is  probably  larger  than  the  errors  of  observa- 
tion. Both  the  Ann  Arbor  and  the  Mount  Wilson  measurements  give  the  largest  negative  velocity  after 
light  maximum.  The  star  has  a  short  period  and  considerable  range  in  magnitude;  hence,  if  the  light 
variations  are  dependent  on  changes  of  a  geometrical  nature,  we  might  expect  to  find  in  this  star  an  unusually 
large  range  in  apparent  radial  velocity. 

124606,  U  \'irgims:   On  the  first  plate  H/3  is  not  seen,  but  on  the  second  it  is  a  strong  bright  line. 

1257050,  RT  Mrginis:  No  definite  bright  lines  were  seen  on  the  plate  of  March  3,  1920,  or  on  another, 
unlisted  plate,  taken  four  days  later.  The  continuous  spectrum  from  X  4030  to  X  4227  is  strong  compared 
to  that  at  longer  wave-lengths.  This  relative  strength  of  the  continuous  spectrum  at  short  wave-lengths 
was  noted  by  Miss  Cannon.  A  remark  in  the  Henry  Draper  Catalogue  states  that  "The  portion  of  the  con- 
tinuous spectrum  between  H5  and  H«  appears  like  a  bright  band,  and  the  region  between  H/3  and  H7  is 
very  faint." 

1 30802,  SW  Virginis:  The  spectrum  is  much  like  that  of  RT  V'irginis  (see  preceding  note)  but  an 
absorption  line  at  X  4535  is  stronger.  There  appear  to  be  absorption  lines  on  either  side  of  the  position  of 
H7.  Possibly  the  narrow  space  between  them  should  be  interpreted  as  a  bright  H7.  If  so,  it  gives  about 
the  same  velocity  as  the  absorption  lines.  Remark  in  the  Henry  Draper  Catalogue:  "The  brightest  portion 
of  the  spectrum  lies  between  He  and  4226.9." 

132422,  R  Hydrae:  In  forming  the  mean  of  the  velocities  from  the  emission  lines,  the  last  five  plates 
were  given  unit  weight;   the  weights  of  the  others  were,  \,  J,  \,  2   2,  3,  2,  respectively. 

■fJi'^jj,  T  Centauri:  Bright  lines  are  seen  on  the  plate  of  July  12,  1922,  only,  and  are  certainly  stronger 
than  on  the  other  plates.  The  continuous  spectrum  also  shows  decided  changes.  On  the  first  plate,  which 
is  too  weak  in  the  violet  for  measurement,  the  titanium  bands  are  strongly  marked  in  the  region  X  4500  to 
X  5000;  the  type  is  estimated  as  M4-5.  The  spectrum  on  the  second  plate  is  very  similar  to  that  of 
a  Orionis  and  is  of  class  M2.  The  absorption  spectrum  of  the  third  plate  more  nearly  resembles  that  of 
a  Scorpii  and  is  of  class  M7,  having  bright  hydrogen  lines  superposed.  Miss  Cannon  has  noted  in  the 
remarks  in  the  Henry  Draper  Catalogue  that  the  spectrum  varies  from  K2  having  bright  hydrogen  lines  to 
Ma  ha\dng  no  bright  lines.  A  comparison  of  the  Mount  Wilson  measurements  with  those  by  Paddock'  at 
Santiago,  Chile,  suggests  that  the  radial  velocity  as  well  as  the  relative  displacement  of  the  bright  lines 
may  be  variable.     An  extensive  study  of  the  variable  spectrum  of  this  star  would  be  valuable. 

134327,  W  Hydrae:  The  plate  of  June  11,  1922,  was  taken  under  poor  conditions  and  is  probably 
affected  by  some  instrumental  error.  The  velocity  from  tfiis  plate  was  not  used  in  forming  the  mean.  On 
the  last  plate  the  bright  H7  line  is  weak,  showing  that  the  phase  is  considerably  before  maximum.  Bright 
H5  is  strong  and  the  close  companion  line  on  the  red  side  is  visible.  The  velocity  from  this  plate  was  given 
small  weight  in  forming  the  mean.  This  variable  has  a  very  small  magnitude  range,  but  appears  neverthe- 
less to  exhibit  the  changes  in  spectrum  characteristic^  of  the  long-period  variables.  From  the_  beha\dor 
of  the  spectrum  in  1921,  it  is  estimated  that  maximum  occurred  about  February  20.  Combined  with 
Chandler's  date  of  maximum,  February  27,  1889,  the  period  is  found  to  be  3S9  or  377  days  accordingly 
as  30  or  31  periods  are  assumed  to  have  elapsed  in  the  interval.  By  comparing  the  spectrograms  taken 
in  1922  with  those  of  1921  a  period  of  approximately  384  days  is  found. 

142584,  R  Camelopardalis:  The  last  plate  was  taken  with  a  wide  slit;  the  velocity  from  it  has  half- 
weight. 

150605,  Y  Librae:  The  second  plate  is  given  one-half  weight  as  the  velocities  from  H7  and  H5  do 
not  agree. 

/5jfc2 ,  RS  Librae:  The  first  plate  is  given  one-half  weight  as  the  velocities  from  H7  and  H5  do  not  agree. 

154748,  ST  Herculis:    Bright  hydrogen  lines  are  not  seen  in  this  spectrum. 

155047,  X  Hercuhs:   Bright  hj-drogen  lines  are  not  seen  in  this  spectrum. 

175519,  RY  Herculis:  On  the  first  plate  the  comparison  spectrum  is  imperfect,  but  the  stellar  velocity 
appears  not  to  be  affected. 

18330S,  X  Ophiuchi:  A  double  star.  See  discussion  of  the  velocity  in  Mt.  Wilson  Contr.,  No.  261; 
Astrophysical  Journal,  57,  251,  1923. 

194632,  X  Cygni:   Bright  H/3  is  stronger  than  usual  for  a  star  with  absorption  spectrum  of  class  M6. 

200 1:5 7,  S  Cygni:    The  second  plate  is  very  poor. 

204405,  T  -Aquarii:  On  the  last  two  plates  the  comparison  spectrum  is  slightly  imperfect.  On  these 
plates  the  continuous  spectrum  is  underexposed  and  the  absorption-line  velocities  have  small  %veight. 

21086S,  T  Cephei:  The  velocity  from  the  last  plate,  which  was  taken  with  the  7-inch  camera,  was  not 
used  in  forming  the  mean. 

222439,  S  Lacertae:  The  velocities  from  the  first  plate  were  given  half-weight  because  the  comparison 
spectrum  is  imperfect. 

^33815,  R  Aquarii:  In  addition  to  the  usual  M8e  features,  the  spectrum  contains  lines  characteristic 
of  gaseous  nebulae.  The  velocities  are  taken  from  Mt.  Wilson  Contr.,  No.  206,  p.  4;  Astrophysical  Journal, 
53.  378,  1921. 

.235350,  R  Cassiopeiae:  The  last  plate  is  rather  poor  and  the  velocities  measured  Ijy  two  observers 
are  discordant.     This  plate  is  given  one-half  weight  in  forming  the  mean. 

'  Lick  Observatory  Bulletin,  9,  69,  1917. 

'  Mt.  Wilson  Contr.,  No.  200;  Astrophysical  Journal,  53,  1,  1921. 
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DISCUSSION   OF  RESULTS   TOR  INDIVIDUAL   STARS 

Velocities  from  emission  lines. — An  examination  of  the  velocity 
measurements  in  Table  III,  as  well  as  those  obtained  at  Ann  Arbor, 
appears  to  show  that  the  ranges  for  individual  stars  can,  in  general, 
be. accounted  for  by  errors  of  observation.  This  may  be  inferred 
from  the  fact  that  the  agreement  of  plates  of  a  particular  star 
taken  on  the  same  night  or  on  successive  nights  is  not  decidedly 
better  than  that  of  plates  separated  by  longer  intervals.  More- 
over, the  agreement  of  several  plates  of  a  star  is  in  most  instances 
about  as  good  as  could  reasonably  be  expected  from  the  number  and 
internal  agreement  of  the  lines  on  each  plate.  Some  apparent 
exceptions  have  been  discussed  in  the  notes  to  Table  III,  and  the 
subject  will  be  dealt  with  more  fully  in  the  following  paragraphs. 

In  the  present  investigation  and  in  the  similar  one  previously 
carried  out  at  Ann  Arbor,  the  effort  has  been  to  determine  the 
velocities  of  as  many  stars  as  possible  rather  than  to  secure  extensive 
sets  of  observations  of  individual  stars.  Hence,  most  of  the 
observed  stars  are  represented  by  a  small  number  of  spectrograms 
taken  near  maximum.  The  desirabiHty  of  testing  the  constancy 
of  the  velocity  at  different  maxima  and  throughout  the  light-cycle 
has  been  borne  in  mind,  however,  and  data  for  this  purpose  have 
been  secured  for  a  few  stars. 

The  available  measures  show  that  velocities  at  different  maxima 
are  nearly  the  same.  In  a  few  instances  the  observed  variations 
may  exceed  the  errors  of  measurement,  but  the  data  are  too  meager 
to  establish  this  as  a  fact.  This  question  might  better  be  studied 
with  more  powerful  spectrographs  as  in  numerous  stars  the  bright 
H7  and  H5  lines  could  easily  be  photographed  at  maximum  with  a 
dispersion  several  times  that  which  I  have  used. 

A  slight  variation  of  velocity  with  phase  is  indicated  for  a  number 
of  stars,  and  as  approximately  the  same  behavior  seems  to  be  shown 
by  those  stars  for  which  the  data  are  most  extensive,  the  effect  is 
probably  real.  A  study  of  X  Ophiuchi  has  already  been  published.^ 
The  conclusion  was  that  the  velocities  are  not  constant  but  have 
algebraically  low  values  for  a  month  or  two  after  maximum  light. 
The  same  statement  seems  to  apply  to  several  other  stars. 

^  Ml.  Wilson  Conlr.,  No.  261;   Astrophysical  Journal,  57,  251,  1923. 
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The  Mount  Wilson  obsen^ations  of  R  Leonis,  R  Hydrae,  X 
Ophiuchi,  X  Cygni,  and  T  Cephei  are  plotted  in  Figure  i.     With 
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Fig.  I. — Variations  in  emission-line  velocity.     Circles  represent  observations  of 
one-half  weight. 

the  exception  of  R  Hydrae,  in  which  the  effect  is  doubtful,  they  are 
better  represented  by  a  curve  having  a  fiat  minimum  a  few  weeks 
after  maximum  light  than  by  a  straight  line.     Several  other  stars 
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observed  over  shorter  intervals  show  changes  in  velocity  which 
are  in  harmony  with  a  similar  hypothesis.  One  of  the  most  strik- 
ing examples,  although  based  on  very  few  observations,  is  R 
Virginis.'     Another  is  the  S-type  star  R  Canis  Minoris. 

About  the  time  of  maximum  light  the  bright  line  X  4202  becomes 
measurable,  followed,  as  the  light  decreases,  by  X  4308  and  X  4571. 
As  these  lines  have  been  used  together  with  the  hydrogen  lines  in 
the  velocity  determinations,  it  is  essential  that  the  system  of  wave- 
lengths employed  be  relatively  correct  or  apparent  variations  may 
be  introduced.  The  wave-lengths  used  were  the  laboratory  values 
indicated  in  Table  I.  The  mean  differences  between  the  velocities 
from  the  hydrogen  lines  and  those  from  the  other  bright  lines  have 
been  computed  and  found  to  be  small,  showing  that  no  large  system- 
atic errors  exist.^  For  individual  stars  the  displacements  shown  by 
the  lines  XX4202, 4308,  and  4571  correspond  reasonably  well  to  those 
of  the  hydrogen  lines  on  the  same  spectrograms. 

It  is  not  certain  that  the  slight  changes  in  the  positions  of  the 
bright  lines  are  due  to  variations  in  radial  motion,  but  no  other 
explanation  presents  itself.  If  the  well-known  displacement  of  the 
bright  lines  toward  the  violet  with  respect  to  the  absorption 
spectrum  represents  an  outflow  of  incandescent  gas,  it  is  possible 
that  on  first  coming  into  view  the  gas  has  a  low  velocity  and  is 
subject  to  acceleration  while  under  observation,  or  is  replaced  by 
other  gas  having  a  higher  outward  velocity,  the  process  being 
reversed  as  the  incandescent  gas  begins  to  disappear.  This  would 
indicate  the  existence  of  agencies  acting  during  a  considerable 
fraction  of  the  light-period,  rather  than  a  sudden  outburst  followed 
by  a  gradual  resumption  of  the  previous  conditions.  The  observa- 
tion of  the  hydrogen  lines  is  subject  to  this  interpretation,  but  for 
the  other  gases  a  somewhat  different  state  of  affairs  appears  to 
exist.  The  lines  XX  4202,  4308,  and  4571  appear  later  in  the 
light-cycle  than  the  hydrogen  hnes,  but  when  they  first  become 
measurable,  they  have  nearly  the  same  velocities  as  the  hydrogen 

'  See  the  note  concerning  this  star  on  p.  235. 

^See  Table  II,  Mt.  Wilson  Contr.,  No.  265;  Astrophysical  Journal,  58,  196,  1923. 
See  also  measurements  of  o  Ceti  by  Adams  and  Joy,  PiMications  Astronomical  Society 
of  the  Pacific,  35,  168,  1923. 
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lines  on  the  same  plates.  Later  they  agree  with  the  hydrogen 
lines  in  showing  a  tendency  toward  algebraically  larger  velocities, 
as  illustrated  by  the  mean  curv'es  in  Figure  i.  A  detailed  explana- 
tion of  this  behavior  is  impossible  at  present,  but  it  seems  justifiable 
to  conclude  that  the  appearances  of  bright  lines  at  different  times 
in  the  Hght-cycle  do  not  correspond  to  separate  outbursts  of  various 
elements,  but  are  manifestations  of  successive  phases  of  the  same 
disturbance  by  which  the  bright  hydrogen  lines  were  produced 
shortly  after  minimum. 

Velocities  from  absorption  lines. — Not  much  can  be  said  as  to 
possible  variations  in  the  absorption-line  velocities,  owing  to  the 
small  number  of  observations  obtained  for  individual  stars.  Except 
for  a  few  weeks  near  maximum,  most  of  the  stars  are  so  faint  that 
it  is  difficult  to  photograph  the  continuous  spectrum.  Moreover, 
when  the  stars  are  faint,  the  absorption  spectrum  may  not  yield 
a  satisfactory  velocity,  even  when  normally  exposed,  because  the 
lines  are  likely  to  be  weak  and  indefinite  and  to  be  interfered  with 
by  the  titanium-oxide  bands. 

Neither  my  observ^ations  nor  the  other  available  data  present 
evidence  of  changes  in  velocity,  but  they  do  not  prove  that  changes 
of  a  few  kilometers  may  not  occur.  Apparent  changes  in  absorption- 
line  velocities  indicated  by  Tables  III  and  IV  are  probably  due  in 
most  if  not  in  all  cases  to  errors  of  measurement.  Observ^ations 
of  o  Ceti  at  different  maxima  agree  remarkably  well,  as  shown 
in  Table  IV. 

All  the  stars  for  which  either  the  absorption  or  the  emission- 
line  velocity  has  been  measured  by  more  than  one  observatory  are 
Hsted  in  Table  IV.  The  agreement,  on  the  whole,  is  very  good. 
Hence,  even  though  we  admit  the  existence  of  slight  variations,  it 
appears  that  both  the  bright  and  dark-line  velocities  are  definite 
and  nearly  constant  quantities  for  which  essentially  the  same  values 
are  found  by  different  obser^-ers  using  different  instruments  and 
methods  of  reduction.  The  data  are,  therefore,  suitable  for  a 
statistical  study  of  the  motions  of  these  objects. 

The  data  in  Table  IV  are  taken  largely  from  Table  III  and  from 
the  Publications  of  the  Observatory,  University  of  Michigan,  2,  50  ff., 
191 6.     Professor  Frost  has  had  the  kindness  to  send  me  for  use  in 
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TABLE  IV 
Long-Period  Variables  Observed  at  More  than  One  Observatory 


Designation 


Name 


Radial  Velocity 


Observatory 


Wt. 


E. 


Wt. 


Adopted 


A. 


E. 


OOI7SS, 

001838, 
021024 
021143 
021403 


050953- ■ 
084803 . . 
093943.. 
094211. , 

123160. 
123307. 
123961. 
132422- 

133633- 
134440. 
142539- 
154615. 

180531. 


T  Cassiop. 
R  Androm. 
R  Arietis 
\\'  Androm. 
o  Ceti      , 


R  Aurigae 
S  Hydrae 
R  Leo.  Min. 
R  Leonis 

T  Urs.  Maj. 
R  \'irgini.s 
S  Urs.  Maj. 
R  Hydrae 

T  Centauri 

R  Can.  Yen. 

V  Bootis 

R  Serpentis 

T  Herculis 


Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Lick  1897-98 
.Lick  Nov.  1S98 
Lick  Stebbins  3-pr 
Lick  Stebbins  i-pr 
Ottawa 
Yerkes  3-pr 
Yerkes  i-pr 
Bonn 
Detroit 
Cape 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 

Mt.  Wilson 


Detroit 
Mt.  Wilson 

Yerkes 
Lick 
Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson. 

Lick 
Detroit 
Mt.  Wilson 

D.  O.  MUls 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Yerkes 
Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 


-f62.3 


-f66 
-^65. 4 
-1-64. 1 

-1-66. 1 
-1-63.9 
4-63.4 
-F63.7 


-fi8 
+11 
-+-26 
-I-13.8 


—  3 
+  S 

—  9 

-1-24 

+  25 


-fso 
+30 
-j-22 


0.5 
3 


-  27 

-  25 

-  36 

-  36 

-|-IOI 

4-I04 

-  44 

-  45 

-t-  54 

+  44 

+  44 

+  52 

-t-  46.1 

-t-  44 

-1-  49-6 

+  SI 

+  52 


+  46.7 

-  9 

-  15 

+   77 
-I-  66 

-  6 

-  2 

-  6.2 

-  7- 
0.0 
0.0 

-107 

-  102 

-  35 

-  31 

-  I 

-  S 

-  26 

-  26 

-  21.4 

+  28 
+  14 

-  24 

-  23 

-  41 

-  47 

-I-  10 

+     8 
+     5 

-130 
-136 


0.5 
6 


+  64.3 


-  36.3 


-I-102.0 


—  44.6 


-I-  70 


-I-   150 


-t-   24 


+  27. 


-I-21 
—   23.6 


-  42. 
+     6.9 


-131. 
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Designation 

Name 

Observatory 

Radial  Velocity 

Adopted 

A. 

Wt. 

E. 

Wt. 

A. 

E. 

181136  

W  Lyrae 
X  Ophiuchi 
R  Cygni 
RT  Cygni 
X  Cygni 

T  Cephei 
R  Cassiop. 

Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

Lick 

Mt.  Wilson 

Yerkes 
Detroit 

Potsdam  1901 
Potsdam  1902 
Detroit 
Mt.  Wilson 

Yerkes 
Detroit 
Mt.  Wilson 

Detroit 
Mt.  Wilson 

-186 
-178 

-  86 

-  83.4 

-  34 

-  46.2 

-125 
-127 

-  19.8 

-  21 .0 

-  17 

-  17.8 

-  30 

-  30 

-  24.1 

+     9.4 
+     6.3 

3 
2 

3 

16 

I 

6 

4 

25 

15 

2 

10 

2 
2 
8 

S 
3 

-183. 

183308 

-  83.8 

—   45-0 

19404S 

—  125  .5 

194632 

+  2.4 
—  2.3 

4 

4 

-  o.s 

-   19.7 

—  2.1 
-14 

3 

I 

210868 



-10.7 

—    26.1 

-  g.6 

3 

23S3SO 

+      8.2 

NOTES  TO  TABLE  IV 

02140S,  o  Ceti:  Lick,  Astrophysical  Journal,  9,  32,  i8og;  Lick  Observatory  Bulletin,  2,  93,  1902; 
Ottawa,  Journal  Royal  Astronomical  Society  of  Canada,  1,  53,  1907;  Bonn,  Astrophysical  Journal,  27,  304, 
1908;  Cape,  Astrophysical  Journal,  48,  265,  1918;  Mount  Wilson,  unpublished  measures  by  Mr.  Joy, 
to  whom  I  am  indebted  for  permission  to  include  them  here. 

094211,  R  Leonis:  Lick,  a  slightly  revised  value  of  the  emission-line  velocity  was  communicated  to 
me  by  Dr.  Moore. 

133633,  T  Centauri:    D.  O.  Mills,  Lick  Observatory  Bulletin,  9,  68,  1917. 

194632,  X  Cygni:    Potsdam,  Astrophysical  Journal,  18,  198,  1903. 

this  connection  unpublished  measures  of  o  Ceti,  R  Leonis,  R 
Serpentis,  RT  Cygni,  and  T  Cephei  made  at  the  Yerkes  Observa- 
tory.    The  notes  indicate  data  from  other  sources. 

Collected  radial-velocity  data. — The  adopted  velocities  are  col- 
lected in  Table  V,  which  contains  other  data  of  value  for  statistical 
studies.  The  first  four  columns  require  no  explanation.  The  fifth 
column  gives  my  estimates  of  spectral  type  at  maximum,  on  the 
new  system  adopted  by  the  International  Astronomical  Union  in 
1922.  The  typical  stars  selected  for  the  subdivisions  Mo  to  M6 
by  Mr.  Joy  and  the  writer  are  as  follows: 

Mo    ^  Andromedae,  H.D.  6860 

Mi     V  Virginis,  H.D.  102212;  a  Scorpii,  H.D.  148478 

M2     a  Ceti,  H.D.  18884;  a  Orionis,  H.D.  39801 

M3     /x  Geminorum,  H.D.  44478 

M4     p  Persei,  H.D.  19058 

Ms     a  Herculis,  H.D.  156014 

M6     Boss  660,  H.D.  18191 
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Name 

a  1900 

5  1900 

Sp. 

Period 

Velocity 

No. 

Abs. 

Em. 

S  Sculptoris 
X  Androm. 
T  Androm. 
T  Cassiop. 
R  Androm. 

S  Ceti 
U  Cassiop. 

V  Androm. 
S  Cassiop. 

R  Piscium 

V  Androm'. 
U  Persei 

R  Arietis 
W  Androm. 
0  Ceti 

R  Ceti 
U  Ceti 
R  Trianguli 
R  Persei 
T  Eridani 

W  Eridani 
R  Tauri 
T  Camelop. 
X  Camelop. 
T  Leporis 

V  Orionis 
R  Aurigae 
T  Columbae 
U  Orionis 

X  Aurigae 

V  Monocer. 
X  Gemin. 
X  Monocer. 
R  Lyncis 

R  Gemin. 

R  Can.  Min. 
L2  Puppis 

V  Gemin. 

S  Can.  Min. 
Z  Puppis 

T  Gemin. 
R  Cancri 

V  Cancri 
RT  Hydrae 

U  Cancri 

X  Urs.  Maj. 
S  Hydrae 
T  Hydrae 
W  Cancri 
R  Leo.  Min. 

R  Leonis 

V  Leonis 

R  Urs.  Maj. 
Z  Urs.  Maj. 
R  Comae 

ohiom3 

0  10.9 
017.2 
0  17.8 

0  18.8 

0  19.0 
0  40.8 

0  44.6 

1  12.3 
I  25.5 

1   33-8 

1  53.0 
.  2   10.4 

2  II  .2 
2   14.3 

2    20.9 
2    28.9 

2  31 -O 

3  23.7 

3  5I.O 

4  7-3 
4  22.8 
4  30.3 

4  32.6 

5  06 

5     0-8 
5     9.2 
S  15-6 

5  49-9 

6  4-4 

6  17.7 
6  40.7 
6  52.4 

6  53.0 

7  1.3 

7     3.2 
7  10. S 
7  17-6 
7  27.2 
7   28.3 

7  43.3 

8  II  .0 
8  16.0 
8  24.7 
8  .30.1 

8  33.7 
8  48. 4 

8  50.8 

9  4.0 
9  39-6 

9  42.2 
9  54.5 

10  37.6 

11  513 
II  591 

-32°3''' 
+46  27 
+26  26 
+55  14 
+38     I 

-  9  53 

+47  43 
+35     6 
+72     5 
+  2   22 

+38  so 
+54  20 
+24  35 
+43  50 

-  3  26 

-  0  38 
-13  35 
+33  5° 
+35  20 

-  24  20 

-25  24 
+  9  56 
+6s  57 
+74  56 

-  22     2 

+  3  58 
+53  28 
-33  49 
+20  10 
+50  15 

-  2     9 
+30  23 

-  8  s6 

+55  28 
+22  52 

+10  II 
—44  29 
+  13  17 
+  833 

-  20  27 

+  23  59 
+12     2 
+17  36 

-  5  59 
+19  14 

+50  30 
+  3  27 

-  8  46 
+  25  39 
+34  S8 

+11   54 
+  21   44 
+69   18 
+58    25 
+  19   20 

M8e 

Se 

M6e 

M8e 

Se 

Mse 

Se 
(M2e) 

Se 
(Mse) 

(M3e) 
M6e 
M3e 
M8e 
M6e 

M4e 
M3e 
Mse 
M3e 
(Mre) 

M7e 
Mse 
Se 
M3e 
(M8e) 

M3e 
M7e 
Mse 
M8e 
(M2e) 

(M6e) 
Mse 
M4e 
Se 
Se 

Se 
(Mse) 

M4e 
(M8e) 

M7e 

Se 
M7e 
Se 

M7e 
(M2e) 

M4e 
M4e 
(M3e) 
(M7e) 
M8e 

M8e 
M7e 

(M6e) 
M6e 

(M4e) 

days 
366 
•346 
281 
444 
411 

321 
276 
259 
6io 

344 

218 
320 
186 
395 

332 

167 
236 
267 
210 

252 

374 
324 
370 
142 
366 

267 
459 
225 
374 
163 

332 
262 
155 
379 
370 

338 
140 
276 
330 
516 

288 
362 
272 
irreg. 
30s 

251 
256 
289 
38s 
372 

313 
273 
302 
120 
362 

km/ 

(+28.4) 

(+1.) 

—90. 

—II  .0 

-8.2 

<+^2^ 

-45- 

(  +  10.1) 

(-    20. ±) 

(-45.) 
(-3.8) 

+15. 

+114. 4 

-28. s 

+64.3 

+42. 5 
—  27. 
+66.7 
-78.2 
(+43.) 

(  +  27.1) 
(+31.3) 

(+3.) 
(-   2.3) 

(-2.8) 

(+21.9) 
(+8.) 

(+66.4) 
-17. 

(-20.2) 

(  +  29.) 
(  +  75.2) 

+  IS7. 
(+34.) 
-36. 

(+51.) 
+52.6 
+  22. 
(+67.2) 
(+35-6) 

(  +  25.) 
+32.1 
(-2.) 
+40. 

(+71.) 

(-81.) 

(+78.) 

(-3.) 

(+51.3) 

+9-5 

+15.0 
(-22.7) 
+34- 
-52.6 
(-   7.0) 

sec 
+  13.2 

-  18.2 

-  94.8 

-   24.8 

-  36.3 

6       

+  20. 

-  S6.6 

8 

+     8.0 

-  54. 

-  59. 

-   16.8 

+     9.9 

+102.0 

-  44.6 

+  48.1 

i6     

+  31.6 

-   39-4 

i8      

+   59-6 

—   89.1 

+  34. 

+   II. 4 

+   19-2 

-   19- 

-     5.8 

-   18. 

26 

+   13-9 

-   13. 

28 

+  53.4 

-  37.2 

—   26.2 

+  16. 

+  67.2 

+147-5 

+  II. 

-  57-4 

36 

+  33-3 

+  51.^ 

38 

+  10.6 

+  54.6 

+  12.6 

+  11.8 

+  18.4 

-  13. S 

+  35. 

+  61. 

46 

-  90. 

+  70. 

48 

—   12. 

+  34.7 

-     3-1 

51 

-     1.8 

-  30.8 

+  23. 

-  58.4 

55 

—  22  .0 
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Name 


&  1900 


Sp. 


Period 


Velocity 


Abs. 


Em. 


R  Corvi 
T  Urs.  Maj. 
R  Virginis 
S  Urs.  Maj. 
U  Can.  Ven. 

U  Virginis 

V  Virginis 
R  Hydrae 

S  Virginis 
T  Centauri 

W  Hydrae 
R  Can.  Ven. 
U  Urs.  Min. 
S  Bootis 
RS  Virginis 

R  Camelop. 

V  Bootis 
R  Bootis 

V  Librae 
S  Librae 

S  Serpentis 
S  Cor.  Bor. 
RR  Librae 
RU  Librae 
S  Urs.  Min. 

R  Serpentis 

RR  Librae 

R  Herculis 

U  Serpentis 

RU  Herculis 

W  Cor.  Bor. 
U  Herculis 
W  Herculis 
R  Draconis 
S  Herculis 

RR  Scorpii 

SS  Ophiuchi 

R  Ophiuchi 

Z  Ophiuchi 

RS  Herculis 

RY  Herculis 
T  Herculis 
W  Lyrae 

RY  Ophiuchi 
X  Ophiuchi 

AE  Herculis 

R  Aquilae 

T  Sagittarii 

R  Sagittarii 

RT  Aquilae 

R  Cygni 
RT  Cygni 
X  Cygni 
Z  Cygni 
S  Cygni 


2°I4m4 
2  31.8 
2  33-4 
2  39.0 
2  42.6 

2  46.0 

3  22.6 
3  24.2 
3  27.8 
3   36.0 


3  43-4 

3  44 -S 

4  15. 1 
4  19. S 
4  22.3 


4   25.1 
4   25.7 

4  32.8 

5  6.4 
5   lS-7 


5  I7-0 
S  17-3 
S  18.2 
5  27.7 
S   33-4 

S  46.1 

5  50.6 

6  1.7 
6  2.5 
6     6.0 

6  II. 8 
6  21 .4 
6  31.7 
6  32.4 
6  47.4 

6  so. 2 

6  52.7 

7  2.0 
7  14-S 
7  I7-S 

7  SS.4 

8  S-i 
8  II. S 
8  II. 6 
8  33-6 

8  39.0 

9  1.6 
9  10.5 
9  10.8 
9  33-3 

9  34.1 
9  40.8 
9  46.7 
9  .S8.6 
4 


20 


— i8°42' 
+60  2 
+  7  32 
+61  38 
+38  55 

+  66 

—  2  39 

—  22  46 

—  6  41 
-33     6 

—  27  52 
+40  2 
+67  IS 
+54  16 
+  S  8 

+84  17 

+39  18 

+  27  10 

—  5  38 

—  20     2 

+14  40 
+31  44 

—  22  33 
-14  59 
+78  S8 

+  15  26 
-18  I 
+  18  38 
+10  12 
+  25   20 

+38  3 
+  19  7 
+37  32 
+66  58 
+  15     7 

—30  25 

—  2  36 
-IS  S8 

+  I  37 
+23     I 

+  19  29 
+31  o 
+36  38 
+  3  40 
+  8  44 

+  22  54 
+  8  5 
-17  9 

—  19  29 
+  11  30 

+49  58 
+48  32 
+32  40 
+49  46 
+SV  42 


(M6e) 
(M6e) 

M6e 

Se 
(M8e) 

Mse 
M6e 
MSe 
M7e 
Mie 

MSe 
M6e 

(M6e) 
M4e 

(M6e) 

Se 
(M6e) 

M4e 
(Mse) 
(M2e) 

Mse 
(M8e) 

M7e 
(M4e) 

M7e 

M7e 
(Mse) 
Mse 
M4e 
M7e 

M4e 
(MSe) 
(M4e) 
(Mse) 
(Mse) 

M7e 
(M6e) 
(M4e) 
(M2e) 
(M6e) 

M4e 
(M3e) 
Mse 
Mse 
M6e 

M6e 

M7e 
Se 

(M6e) 
MSe 

Sc 

(M3e) 
M6e 
Mse 

(M2e) 


days 
31S 
257 
146 
226 


207 
250 
425 
377 
90 

384 

327 
270 
355 

270 
256 
223 
272 
192 

368 
361 
219 
314 

324 

357 
277 
318 
240 


244 
403 
280 
246 
308 

281 
230 
.302 

348 
223 

222 
165 
197 

153 
335 


355 
381 
269 
326 

426 
190 
406 
263 
323 


km/sec 
(-22.) 
(-98.) 

-34- 

(+2.) 
(-27.) 


-42. 
(+33.7) 
-5-0 
(+11. 3) 

+  24. 

+42.3 
-8.9 
(-31 -o) 
(-17.0) 
(-25.6) 

(-32.) 

-31. 

-46. 

(-6.9) 

(+295.3) 

(  +  13-5) 
—  1 .0 

(-2.1) 

(-48.2) 
(-40-7) 

+  27. 
(-32.3) 
(-30.6) 
(-29.3) 
(-15.3) 

(  +  20,1) 
(  —  22.5) 

(-SI.) 

-138. 

(—10.7) 

(-36.6) 

(-30-3) 

(-49.) 
(-79.) 
(-37.8) 

-38.9 
(-125.) 

-174. 

(-67.2) 

-70.6 

(-48.) 
+31.5 
(+4.) 

(-44-3) 
(—42.0) 

(-15.) 
(-115. o) 

(-i6s"0 
(-21.7) 


—  34- 

—  106. 

—  33. 

—  4.1 

—  43.7 


-  S8.i 
+  25.0 

-  22.8 

-  4.7 
+  21. 

+  26.4 

-  23.6 

-  43.3 

-  25.0 

-  40.0 

-  42.9 

-  42. 

-  57. 

-  15.0 
+  284.6 

-  1-9 

-  22. 

-  15. 1 

-  59.5 

-  52.7 

+     6.9 

-  40.6 

-  42.1 

-  39.8 

-  37.6 

+  10.5 

-  40.4 

-  59- 
-144.2 

-  21.3 

-  45-1 

-  429 

-  59. 

-  93. 

-  50.8 

-  50.I 
-131. 

-183. 

-  71.8 

-  83.8 

-  60.4 
+  22.8 

-  19.4 

-  52.3 

-  54.2 

-  4S.O 
-I2S.S 

-  19.7 
-173. 1 

-  33.7 
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No 


Name 

a  I  goo 

5  I  goo 

Sp. 

Period 

days 

Z  Aquilae 

20''  gm8 

-  6°  27' 

M3e 

129 

R  Delphini 

20  10. I 

+  8  47 

(M6e) 

284 

V  Aquarii 

20  41 .8 

+  2     4 

M6e 

246 

T  Aquarii 

20  44.7 

-   5   31 

M3e 

203 

X  Delphini 

20  so. 3 

+  17   16 

Mse 

281 

R  V^ulpeculae 

20  sg.g 

+  23   26 

(M4e) 

137 

T  Cephei 

21      8.2 

+68     s 

M7e 

387 

R  Equulei 

21     8.4 

+12  23 

(M6e) 

262 

RR  Aquarii 

21     9.8 

-   3   19 

M3e 

180 

W  Cygni 

21  32.2 

+44  56 

(M4e) 

132 

T  Pegasi 

22     4.0 

+  12     3 

(M6e) 

374 

RS  Pegasi 

22     7.4 

+  14      4 

(M6e) 

436 

RT  Aquarii 

22   17.7 

-22    34 

M6e 

241 

S  Lacertae' 

22   24.6 

+39  48 

Mse 

238 

R  Lacertae 

22  38.8 

+41   51 

(M6e) 

300 

S  Aquarii 

22  SI. 8 

-20  S3 

(M6e) 

280 

V  Cassiop. 

23     7-4 

+59     8 

M6e 

230 

W  Pegasi 

23   14-8 

+  25  44 

(M-e) 

342 

S  Pegasi 

23  IS-S 

+  8     2 

(M6e) 

318 

R  Aquarii 

23  38.6 

-15   SO 

M7e+P 

387 

V  Ceti 

23  52.8 

-  9  31 

(M3e) 

261 

R  Cassiop. 

23  53-3 

+50  50 

M7e 

432 

SV  Androm. 

23  59 -2 

+39  ii 

M7e 

298 

Veloctty 


Abs. 


Em. 


Ill 
112 
113 
114 
"5 

116 
117 
118 
119 
120 

121 
122 
123 

124 

I2S 

126 
127 
128 
129 
130 

131 
132 
133 


km/sec 
(-7.9) 
(-46.1) 
(-43.4) 


-S6.2 

(-14.) 
—  10.7 

(-S4-0) 

(-182.0) 

-27. 

(-8.2) 
(  —  20.0) 
(-33.) 

-59-7 
(  +  18. 1) 

{-57.9) 

-30. S 

(-22.) 
(+5.) 
-19. 

(+51. 1) 
+30. 


-  10.3 

-  54-8 

-  52-9 

-  54-9 

-  62.9 


-  17- 

-  26.1 

-  62.0 

-  191  .0 

-  26. 

-  23.9 

-  40.0 

-  43. 

-  65.9 
+  8.2 

-  66.4 

-  47-6 

-  35- 

-  7. 

-  33- 

+  43.1 
+     8.2 


Two  more  subdivisions  in  continuation  of  this  sequence,  M7  and 
M8,  were  used,  but  no  standard  spectra  not  subject  to  variation  are 
known  to  us.  M9  and  Mio  are  available  for  the  spectra  of  certain 
stars  at  times  other  than  maximum.  Parentheses  in  the  fifth 
column  indicate  that  the  classification  is  somewhat  uncertain 
because,  in  most  instances,  of  underexposure  of  the  spectrograms. 
No  star  was  included  in  this  table  unless  emission  Hnes  of  hydrogen 
had  been  measured  in  its  spectrum. 

The  Harvard  values  of  the  period  are  given  in  the  sLxth  column. 
Two  stars  marked  as  irregular,  namely,  X  Monocerotis^  and  RT 
Hydrae,  are  included  because  their  spectra  are  much  like  those  of 
the  periodic  stars. 

All  the  figures  in  the  last  column,  and  all  those  in  the  preceding 
column  not  in  parentheses,  are  observed  values  and  are  taken  from 
Tables  III  and  IV  or  from  the  Publications  of  the  Observatory,  Uni- 
versity of  Michiga7i,  2,  50  ff,  1916.     Slight  corrections  have  been 


'  See  note  on  p.  234. 
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made  to  some  of  the  absorption-line  velocities  in  the  Ann  Arbor 
list  by  using  additional  lines  in  the  reductions.  The  absorption 
values  in  parentheses  have  been  found  from  the  emission  velocities 
in  a  manner  that  will  be  described  presently. 

Relative  displacement  of  bright  and  dark  lines. — Spectrographic 
observ^ations  made  at  the  Lick  Observatory  in  1897  and  1898^ 
showed  the  effective  centers  of  the  bright  H7  and  H5  lines  to  be 
displaced  toward  the  violet  with  respect  to  the  absorption  spectrum. 
Bright  lines  at  X  4308  and  X4376,  if  identified  with  iron  lines, 
showed  corresponding  displacements.  These  results  were  con- 
firmed and  extended  by  Stebbins  in  1902.^  Similar  behavior  was 
found  for  the  bright  lines  of  x  Cygni  by  Eberhard  in  1901  and  1902.^ 
It  seemed  probable,  as  Eberhard  remarked,  that  this  is  typical  of 
long-period  variables  having  the  same  type  of  spectrum.  The 
present  investigation,  including  the  Ann  Arbor  measurements, 
makes  it  certain  that  this  is  the  case,  and  also  indicates  the  same 
effect  for  three  S-type  stars.  Moore  has  found  the  same  phenomenon 
in  the  spectrum  of  one  N-type  variable,  U  Cygni.-"  The  occurrence 
of  this  relative  displacement  in  such  diverse  types  of  spectra  is 
very  interesting  and  should  be  held  in  mind  in  considering  the 
general  problems  of  long-period  variables  of  the  three  spectral 
classes. 

The  relative  displacements  of  the  bright  lines  have  been  meas- 
ured for  47  variables  of  classes  M  and  S.  The  results,  computed 
from  data  in  Table  V,  together  with  the  spectral  class,  the  period, 
and  the  magnitude  range  are  collected  in  Table  VI.  Omission  of 
the  decimal  of  a  kilometer  in  the  column  A.  — E.  denotes  considerable 
uncertainty,  except  for  the  stars  S  Coronae  Borealis  and  R  Aquarii, 
in  which  cases  the  record  does  not  show  the  decimal.  As  a  matter 
of  fact,  no  value  in  Table  VI  is  reliable  to  a  tenth  of  a  kilometer, 
but  the  decimal  has  been  used  when  available  to  prevent  the 
accumulation  of  errors  in  plotting  and  computing. 

^  Aslro physical  Journal,  9,  31,  1899. 
*  Lick  Observatory  Bulletin,  2,  93,  1902. 
^  Astrophysical  Journal,  18,  198,  1903. 
"•  Lick  Observatory  Bulletin,  10,  166,  1922. 
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TABLE  VI 
Meastjred  Displacements  of  Absorption  and  Emission  Lines 


Name 


Spect. 


Period 


Mag.  Range 


A.-E. 


3 
4 

5- 

7- 

12. 

13 

14 
15- 
16, 

17 

18, 

19 
29 

33 
35 

37 
38 
42 
44 
50 

51 
53 
54 
58 
61 

63 
65 
66 
67 
72 

73 
77 
81 
89 
96 

98 
100 
102 
108 
114 

115 
117 
120 
124 
127 

130 
132 


T  Androm. 

T  Cassiop. 

R  Androm. 

U  Cassiop. 

U  Persei 

R  Arietis 

W  Androm. 

0  Ceti 

R  Ceti 

U  Ceti  ' 

R  Trianguli 

R  Persei 

U  Orionis 

X  Monocer. 

R  Gemin. 

L2  Puppis 

V  Gemin. 

R  Cancri 

RT  Hydrae 

R  Leo.  :\Iin. 

R  Leonis 

R  Urs.  Maj. 

Z  Urs.  ]\Iaj. 

R  Virginis 

U  Virginis 

R  Hydrae 

T  Centauri 

W  Hydrae 

R  Can.  Ven 

V  Bootis 

R  Bootis 

S  Cor.  Bor. 

R  Serpentis 

R  Draconis 

RY  Herculis 

W  Lyrae 

X  Ophiuchi 

R  Aquilae 

X  Cygni 

T  Aquarii 

X  Delphini 

T  Cephei 

W  Cygni 

S  Lacertae 

V  Cassiop. 

R  Aquarii 

R  Cassiop, 

M6e 

MSe 

Se 

Se 

M6e 

M3e 
MSe 
M6e 
M4e 
M3e 

M5e 
M3e 
MSe 
M4e 
Se 

(Mse) 
M4e 
M7e 
M7e 

MSe 

MSe 
(M6e) 
M6e 
M6e 
M5e 

MSe 
Mie 

MSe 
M6e 
(M6e) 

M4e 
(MSe) 

M7e 
(Mse) 

M4e 

Mse 

M6e 
M7e 
M6e 
Mse 

Mse 

M7e 
(M4e) 
Mse 
M6e 

M7e 
M7e 


days 
281 

444 
411 
276 
320 

186 
395 
332 
167 
236 

267 
210 
374 
155 
370 

140 
276 
362 
irreg. 
372 

313 
302 
120 
146 

207 

425 
90 

384 

256 

223 
361 

357 
246 
222 

197 
335 
355 
406 
203 

2S1 

387 
132 
238 
230 

387 
432 


6.0 
8 

4 
o 

9 

5 
7 
7 
6 
6 


>6 
9 


km 
+  4.8 
+  13-8 
+28.1 
+  11. 6 
+  5-1 

+  12.4 
+  16. 1 
+  16.2 
+  10.9 

+  12.4 

+  7.1 
+  10.9 
+  20.  2 
+  9-5 
+  21.4 

+  1.6 
+  11. 4 
+  13-7 

+  5. 
+  12.6 

+  16.8 
+  11. 
+  5-8 

—  I . 
+  16. 1 

+  17-8 
+  3- 
+  159 
+  14-7 
+  11. 

+  11. 
+  21. 
+  20. 1 
+  6.2 
+  11 .2 

+  9- 
+  13-2 
+  8.7 
+  192 
+  16.7 

+  6.7 
+  15-4 

—  I . 
+  6.2 
+  17. 1 

+  14. 
+  21.8 
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STATISTICAL   STUDIES 

Relative  displacement  of  bright  lines. — Inspection  of  Table  VI 
shows  that  the  relative  displacements  (absorption  minus  emission- 
line  velocity)  for  different  stars  differ  by  amounts  greater  than  the 
errors  of  measurement.  Studies  were  therefore  made  of  the  rela- 
tionship of  the  displacement  to  spectral  type,  period,  and  range, 
respectively. 

The  mean  displacements  for  each  spectral  type  are  shown  in 
Table  VII.  The  second  column  gives  the  average  displacement 
(absorption  minus,  emission)  when  each  star  is  counted  as  one ;   the 

TABLE  VII 

Displacement  of  Emission  Lines  as  Related  to  Spectral  Type 


Equ-u,  Weights 

Weightf 

I  AND  2 

Type 

Mean  Displ. 

No. 

Mean  Displ. 

Wt. 

Mie 

3.   km 

I 
0 

4 
6 

7 
II 

3.   km 

I 

M2e    .  . 

0 

M3e 

M4e 

Mse 

M6e 

13  I 
8.7 
9.0 

10.6 

13.0 
9.2 

7-3 
II. 8 

5 

7 

10 

16 

M7e 

M8e 

14. 1 
16.8 

7 

8 

15-7 
16.2 

10 
14 

Se. 

20.4 

3 

22.3 

4 

fourth  column  gives  the  displacements  with  weights  i  and  2, 
as  indicated  in  Table  VI,  except  that  L2  Puppis  and  S  Coronae 
were  given  weight  i  because  of  some  uncertainty  in  the  deter- 
mination of  the  spectral  type.  The  table  shows  that  the  displace- 
ment increases  with  advancing  spectral  type,  although  class  M3e 
is  an  exception,  possibly  because  of  the  small  number  of  stars 
included.  The  three  stars  of  class  Se  have  high  values,  but  Figure  2 
shows  an  influence  depending  on  the  period.  The  curve  defined 
by  the  three  S-type  stars  lies  about  6  km  above  the  corresponding 
portion  of  the  curve  for  Me  stars. 

The  stars  were  then  divided  into  three  nearly  equal  groups 
according  to  the  size  of  the  displacements,  omitting  the  three  stars 
of  class  S.     The  resulting  mean  displacements  and  types  are  given 
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in  Table  VIII.     The  correspondence  between  advancing  type  and 
increasing  displacement  is  again  shown. 

If  the  stars  with  known  periods  are  divided  into  three  groups 
according  to  the  period,  we  find  the  results  given  in  the  first  por- 
tion of  Table  IX.     If  the  same  stars  are  grouped  according  to  the 

TABLE  VIII 

Mean  Displacements  and  Mean  Types  by  Groups 


Group 

No. 

Mean  Displ. 

Mean  Type 

I 

2 

3 - 

IS 
IS 
14 

5.6  km 

12.5 
17.8 

M5.0 

M5.5 
M6.9 

TABLE  IX 

Mean  Displacement  and  Mean  Period  by  Groups 


Group 


No. 


Mean  Period 

Mean  Disp' 

days 
180 

km 
9.2 

297 

10.3 

394 

17.9 

219 

5-7 

314 
356 

12.7 
19.0 

Arranged  by  period 

Arranged  by  displacement . . . 


15 
15 
15 

15 
15 
15 


TABLE  X 
Mean  Displacement  and  Mean  Range  by  Groups 


Group 


No. 


Mean  Range 

Mean  Displ 

mag. 

km 

3-6 

9-4 

5-8 

12  .2 

7-5 

17-5 

41 

5-5 

5-7 

12.7 

6.7 

19.0 

Arranged  by  range . 


Arranged  by  displacement. . 


15 


15 


size  of  the  displacement,  we  obtain  the  figures  in  the  second  portion 
of  Table  IX.  In  both  cases  the  period  increases  with  the  displace- 
ment. 

Proceeding  in  the  same  way  for  displacement  and  magnitude 
range,  we  have  the  figures  in  Table  X,  which  show  that  the  displace- 
ment increases  with  the  range. 
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It  thus  appears  that  the  displacement  increases,  on  the  average, 
with  spectral  type,  with  period,  and  with  magnitude  range.  The 
accordance  of  individual  stars  for  the  period  relationship  is  fair, 
but  for  spectral  type  and  especially  for  range  it  is  poor,  the  plotted 
results  being  scattering.  We  might  expect  the  displacements  to 
be  closely  correlated  with  spectral  type,  but  this  is  not  the  case, 
although  a  statistical  relationship  is  undoubtedly  present. 

The  stars  with  ranges  of  less  than  five  magnitudes  have  in  general 
small  displacements,  and  those  with  ranges  above  seven  magnitudes 
have  large  displacements,  but  for  the  numerous  stars  having  ranges 
between  five  and  seven  magnitudes  the  dispersion  in  displacement 
is  large.  One  star,  W  Hydrae,  deserves  special  mention  as  the 
outstanding  exception  to  the  rule  that  stars  with  small  ranges  have 
small  displacements.  Its  period  and  spectroscopic  behavior  are 
typical  of  stars  of  type  M8e,  but  it  has  the  remarkably  small  range 
of  1.3  magnitudes.  It  is  barely  possible  that,  like  X  Ophiuchi,  it 
is  a  double  star.  R  Aquarii  also  has  a  magnitude  range  somewhat 
smaller  than  is  t3^pical  of  its  period  and  spectral  type.  This  may 
be  due  to  the  influence  of  the  portion  of  the  star  connected  with  the 
emission  of  the  nebular  fines. 

The  best  accordance  shown  by  individual  stars  is  in  the  case  of 
the  period  relationship.  Even  here  the  deviations  of  some  stars 
appear  to  exceed  the  errors  of  observation,  although  more  material 
is  perhaps  necessary  to  establish  this  beyond  doubt.  In  any  event 
the  period  relationship  offers  the  best  method  available  of  reducing 
the  measured  bright-line  velocity  of  a  star  to  a  dark-line  basis. 

We  must  now  face  the  question  whether  the  displacements  of  the 
bright  lines,  or  of  the  dark  lines,  or  neither,  yield  the  true  radial 
velocity.  In  the  case  of  one  star,  X  Ophiuchi,  a  direct  answer  is 
available  in  favor  of  the  absorption  lines.  The  evidence  is  fully 
stated  in  another  paper^  and  need  not  be  repeated  here.  In  R 
Aquaru  the  velocities  from  the  nebular  fines  more  nearly  coincide 
with  those  from  the  absorption  fines  than  with  those  from  the  bright 
lines  connected  with  the  M-type  spectrum.^  In  both  of  these  stars 
the  Me  spectrum  seems  to  be  a  normal  one.  Statistical  investiga- 
tions of  the  motions  also  favor  the  absorption  lines  as  yielding 

'  Mt.  Wilson  Contr.,  No.  261;  Astrophysical  Journal,  57,  251,  1923. 
^  Ml.  Wilson  Contr.,  No.  200;  Astrophysical  Journal,  53,  375,  1921. 
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essentially  the  true  radial  velocities.  A  solution  for  the  sun's 
motion  with  respect  to  83  Me  variables,  using  emission-line  veloci- 
ties, gave  a  K  term  of  —11. 7  km,  but  a  solution  from  the  dark- 
line  velocities  of  133  stars  (119  of  class  Me  and  14  of  class  Se)  gave 
a  K  term  of  4-3.9  km;  omitting  one  very  high  velocity  star,  S 
Librae,  the  K  term  came  out  —0.2  km.  The  K  term  for  76  of  the 
slower  moving  variables  (using  absorption-line  velocities)  was 
-fi.3km.  Another  selection  of  68  slow-moving  variables  gave  a 
K  term  of  -j-i.i  km.  It  seems  clear  therefore  that  for  a  study  of 
the  motions  of  these  stars  the  absorption-line  velocities  are  to  be 
preferred  to  thosa  from  the  emission  lines. 

In  order  to  reduce  the  emission-line  velocities  to  an  absorption- 
line  basis,  the  measured  displacements  were  plotted  against  the 
periods;  a  curve  drawn  to  represent  the  resulting  points  is  shown 
in  Figure  2.  The  observations  seem  to  demand  a  maximum  near 
220  days,  but  it  is  uncertain  what  physical  meaning  should  be 
attached  to  this  feature.  From  the  appearance  of  the  plot  we  might 
infer  that  there  exists  a  group  of  stars  with  periods  in  the  neighbor- 
hood of  200  days,  which  have  larger  displacements  than  called  for 
by  the  general  progression  shown  by  stars  of  longer  and  shorter 
periods.  We  might  accordingly  continue  the  general  run  of  the 
curve  across  the  interval  from  140  to  260  days,  but  for  the  purpose 
of  making  an  empirical  determination  of  the  displacement  cor- 
responding to  a  given  period,  it  seemed  best  to  draw  the  curve  as 
indicated.  For  those  stars  for  which  emission  lines  only  have  been 
measured,  the  hypothetical  dark-line  velocities  were  obtained  by 
applying  the  displacements  read  from  the  curve.  The  S-type 
stars  were  treated  separately;  only  3  were  available  as  standards 
and  these  are  marked  by  the  letter  S  in  Figure  2.  The  dark-line 
velocities  determined  in  this  manner  are  given  in  the  next  to  the 
last  column  in  Table  V,  in  parentheses  to  distinguish  them  from 
values  depending  directly  upon  measurement. 

In  the  earlier  work  at  Ann  Arbor  it  was  noticed  that  two  stars 
with  especially  short  periods,  namely  L^  Puppis  and  W  Cygni, 
showed  practically  zero  displacements.  From  a  study  of  the  Ann 
Arbor  data  Ludendorff  was  led  to  state^  that  "the  magnitude  of 

^  Astronomische  Nachrichten,  212,  483,  1921. 
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the  displacement  of  the  hydrogen  emission  lines  depends  on  the 
period  of  the  star."  In  spite  of  the  meager  material  at  his  disposal, 
this  conclusion  is  essentially  correct,  being  substantiated  by  the 
more  extensive  data  reported  in  the  present  paper.  It  has  seemed 
best,  however,  not  to  assume  a  linear  relationship  between  displace- 
ment and  period,  as  was  done  by  Heiskanen  and  Ludendorff,^ 
to  reduce  emission-line  velocities  to  a  dark-line  basis. 
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'  F1G.2. — Relative  displacement  of  emission  lines  (Abs.— Em).    Observations  repre- 
sented by  dots  have  one-half  the  weight  of  those  represented  by  circles. 


Group-motion  of  long-period  variables. — The  highly  specialized 
character  of  the  light  variations  and  of  the  spectra  of  long-period 
variables  leads  us  to  examine  their  motions  to  ascertain  whether 
they  differ  in  any  way  from  the  average  motions  of  other  stars.  We 
may  consider  first  the  common  or  group-motion  of  the  variables, 
and  second  their  random  or  individual  motions. 

The  Ann  Arbor  data^  strongly  suggested  a  group-motion  in  a 
general  direction  opposite  to  that  in  which  the  sun  is  moving  with 
respect  to  other  stars.  Heiskanen  and  Ludendorff-^  emphasized 
the  fact  that  the  result  depended  to  a  considerable  extent  on  the 

^  Ibid.,  213,  297,  1921. 

^  Fublicaiions  of  the  Observatory.  University  of  Michigan,  2,  63,  1916. 

^  Astronomische  Nachrichlen,  213,  297,  1921. 
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influence  of  a  few  rapidly  moving  stars,  and  thought  that  no  real 
stream-motion  existed.  With  the  additional  velocity  determina- 
tions now  available,  we  are  in  a  position  to  discuss  this  question  to 
much  better  advantage  than  before. 

^The  following  computations  have  been  based  on  the  absorption- 
line  velocities  as  tabulated  in  the  next  to  the  last  column  in  Table  V. 
The  positions  and  velocities  of  the  133  stars  included  in  this  table 
are  charted  in  Figure  3.     The  deficiency  of  observed  stars  in  the 


Ftg.  3. — Chart  of  long-period  variables  whose  radial  velocities  have  been 
measured.  Class  Se  stars  are  indicated  by  circles.  The  position  of  the  solar  apex 
for  the  133  stars  is  marked  by  the  cross  just  below  the  word  "apex";  another  cross, 
to  the  right  and  below,  indicates  the  computed  position  when  the  most  rapidly  mov- 
ing star,  S  Librae,  is  omitted.  The  dotted  curve  is  the  great  circle  whose  poles  are 
the  apex  and  ant-apex. 

southern  hemisphere  is,  of  coursfe,  an  unsatisfactory  feature.  It 
is  hoped  that  before  long  data  will  be  available  for  additional 
southern  stars.  Other  irregularities  in  the  chart  correspond  more 
or  less  closely  to  the  actual  distribution  of  variables  in  the  sky.  As 
has  been  frequently  pointed  out,  this  is  by  no  means  uniform,  a 
decided  lack  of  stars  existing  near  right  ascension  eleven  hours. 

In  the  first  place,  a  least-squares  solution  for  the  solar  motion 
with  respect  to  all  the  133  variables  was  made  with  the  following 
results : 

^0=287?!,  Z)o=+4i°o,  Fo=S5.o  km/sec,  K  —  -\-2)-9  km/sec. 
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The  position  of  the  apex  is  about  the  same  as  that  given  by  several 
investigators  for  stars  of  classes  K  and  M,  but  the  speed  of  the  sun 
is  nearly  three  times  as  great  as  that  usually  found.  As  the  vari- 
ables have  high  random  motions/  we  may  recognize  in  the  facts 
above  a  phase  of  the  dependence  of  solar  motion  upon  the  speed  of 
the  stars,  as  brought  out  by  Boss,^  Adams  and  Joy,^  and  Stromberg.^ 

In  computations  concerning  the  motions  of  the  stars  the  ques- 
tions of  grouping  the  material  and  of  rejecting  apparently  excep- 
tional stars  are  often  troublesome,  especially  when,  as  in  the  present 
investigation,  the  total  number  of  stars  treated  is  small.  If  the 
stars  are  divided  into  strictly  homogeneous  groups,  the  number  in 
each  group  may  become  so  small  that  the  results  are  untrustworthy. 
For  this  reason  I  have  avoided  the  use  of  more  than  two  groups  in 
solutions  for  the  solar  motion.  Several  methods  of  grouping  are 
possible,  but  the  only  one  used  here  is  that  based  on  the  random 
motion  of  the  individual  stars  as  a  criterion  of  selection.  The 
following  computations  are  those  which  seemed  the  most  suggestive, 
but  they  do  not  constitute  an  exhaustive  treatment  of  the  data. 
Other  investigators  may  find  further  computations  profitable. 

One  star,  S  Librae,  has  such  a  high  velocity  that  it  stands  quite 
by  itself  in  the  plot  in  Figure  4.  A  solution  for  the  solar  motion 
with  this  star  omitted  is  shown  in  Table  XI.  The  large  effect  of 
this  star  is,  of  course,  due  to  the  fact  that  the  determining  factors 
are  the  squares  of  the  residuals.  Some  other  system  of  solution 
would  probably  be  preferable.  The  arithmetic  mean  residual  for 
the  132  stars  has  not  been  computed,  but  it  is  estimated  to  be 
between  30  and  31  kilometers. 

The  small  value  of  the  K  term  gives  us  confidence  that  the 
method  of  reducing  the  emission-line  velocities  to  a  dark-line  basis 
is  reasonably  accurate. 

In  order  to  bring  out  the  possible  dependence  of  the  computed 
solar  motion  upon  the  pecuHar  velocities  of  the  stars  involved, 
the  variables  were  divided  into  two  groups  according  to  the  numeri- 
cal size  of  their  residual  velocities,  which  were  found  by  applying 

'  The  arithmetic  mean  residual  from  this  solution  is  33.4  km. 

^Astronomical  Journal,  35,  26,  1923,  and  references  there  given  to  earlier  papers. 

i  Mt.  Wilson  Conlr.,  No.  163;  Astro  physical  Journal,  49,  179,  1919. 

"■  Ml.  Wilson  Conlr.,  No.  245;  Astrophysical  Jaurnal,  56,  265,  1922. 
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to  the  absorption-line  velocities  a  correction  for  the  solar  motion 
computed  from  the  133  variables  themselves,  as  given  on  page  252. 
Sixty-eight  stars  were  found  to  have  residual  velocities  equal  to  or 
less  than  25  km,  and  65  to  have  residual  velocities  exceeding  this 
figu^re.     Separate  solutions  for  the  solar  motion  were  based  on  these 
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Fig.  4'. — Residual  radial  velocity  and  spectral  type.  Spectroscopically  class  Se 
is  not  a  continuation  of  the  sequence  Mie-lNISe;  it  is  placed  at  the  end  of  the  diagram 
for  convenience  and  to  show  the  correspondence  in  velocity  to  classes  Mye  and  M8e. 

two  groups.  The  resulting  data  are  shown  in  Table  XL  A  previous 
solution  based  on  the  emission-Hne  velocities  of  83  stars^  is  included 
for  comparison.  The  solution  based  on  76  stars  with  low  residuals 
will  be  described  presently. 

The  increase  in  Vo  in  going  from  the  68  slow-moving  stars  to 
the  65  rapid  ones  is  very  marked,  and  seems  to  be  a  fine  illustra- 
tion of  the  velocity  asymmetry  of  high-speed  stars. 

'  These  stars  were  not  selected  for  small  velocity  but  included  all  that  were  avail- 
able when  the  solution  was  made. 
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The  68  slow-moving  stars  give  a  value  of  Vo  much  greater  than 
that  usually  found,  and,  on  the  face  of  it,  this  indicates  a  strong 
group-motion  prevailing  among  the  variables  independently  of 
their  high  speed.  These  figures  may  be  somewhat  misleading, 
however,  as  a  little  consideration  will  show  that  the  two  solutions 
lead  of  necessity  to  results  much  like  those  based  on  all  the  stars. 
As  far  as  the  68  stars  are  concerned,  they  have  been  selected  in 
such  a  way  that  their  motions  must  nearly  equal  that  called  for 
by  the  general  solution,  and  hence  they  are  not  likely  to  yield  very 
different  results.  On  the  other  hand,  the  group  of  65  rapidly  moving 
stars  will  contain  the  high  residuals  which,  since  the  method  of 
solution  is  that  of  least  squares,  counted  most  heavily  in  the  general 

TABLE  XI 

Solutions  for  Solar  Motion 


All 


Omitting 
S  Librae 


luals 

High 
Residuals 

76 
263?9 

+34-4 
29.0km 

65 

289"2 

+46.2 

64 . 6  km 

+   1-3 

+   7.9 

13-3 

56.8 

Emission-Line 
Velocities 


Number. 

Ao 

Do 

Fo 

K 

Arith. 
Mean 
Resid . 


287 
+41 

55 
+  3 


okm 
9 


132 

28o?7 

+33-2 

52.5km 
—   0.2 


68 
283?5 
+35-6 

47.9  km 
+   I.I 


33-4 


83 
274?4 
+44 -o 

55.9km 
-II. 7 

309 


solution,  and  hence  will  tend  to  reproduce  the  same  figures.  We 
must  therefore  exercise  caution  in  interpreting  similarities  in  the 
results  of  the  three  solutions.  The  same  reasoning,  however,  leads 
us  to  rely  on  differences  in  the  figures  as  probably  having  a  real  mean- 
ing. The  increase  in  Vq  with  speed,  for  example,  is  scarcely  to  be 
explained  except  as  a  physical  fact. 

Another  procedure  was  adopted  to  test  the  systematic  motions 
of  the  slowly  moving  variables.  The  residuals  from  the  ordinary 
solar  motion,  ^0  =  270°,  Z)o=+3o°,  Fo  =  2okm,  were  first  com- 
puted. Seventy-six  stars  having  residuals  less  than  30  km  were 
then  made  the  basis  of  a  new  solution.  The  results  are  in  the 
fifth  column  of  Table  XL  Although  the  mean  residual,  regardless 
of  sign,  13.3  km,  is  not  greater  than  that  for  stars  of  classes  F,  G, 
K,  and  M,  the  solar  motion  nevertheless  is  increased  from  20  to 
29  km.     Moreover,  reasoning  similar  to  that  outlined  above  shows 
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that  the  method  of  selection  tends  to  make  this  difference  unduly 
small.  Hence  the  conclusion  seems  to  be  justified  that  long-period 
variables  have  a  general  group-motion,  largest,  it  is  true,  for  the 
high-speed  stars,  but  not  zero  for  the  slow  ones. 

Random  motions. — It  is  well  known  that  the  average  random 
nx)tion  varies  for  groups  of  stars  of  different  spectral  types  or 
different  absolute  magnitudes.  The  general  rule  is  that  it  increases 
with  advancing  spectral  type,  and  decreases  with  increasing  luminos- 
ity. The  residual  motions  of  the  individual  variables  have  been 
computed  from  several  solutions  for  the  group-motion,  and  have 
been  grouped  and  tabulated  in  various  ways  in  an  attempt  to  bring 
out  possible  systematic  relationships  to  other  quantities. 

TABLE  XII 
Spectral  Type  and  Residual  Velocity 


First,  the  residuals  from  the  ordinary  solar  motion  were  found ^ 
assuming  ^0  =  270°.©,  Z)o=+30°.o,  Fo  =  20.okm.  The  arithmetic 
mean  residual  is  35.5  km.  This  is  the  largest  value  found  for  any 
group  of  stars  selected  on  the  basis  of  spectral  tj^pe.'  It  may  be 
reduced  to  35.3  km  by  applying  an  arbitrary  correction  of  +3.6  km 
to  all  the  residuals.  For  a  solar  motion  based  on  the  133  variables 
themselves  the  arithmetic  mean  residual  velocity  is  33.4  km.  By 
omitting  one  star  this  would  be  reduced  about  2.5  km. 

The  relationship  of  residual  motion  to  spectral  type  was  next 
considered.  The  mean  residual  velocities  for  each  type  from 
the  solution  for  133  stars  were  found  with  the  results  shown  in 
Table  XII. 

'  The  corresponding  value  for  102  planetary  nebulae  is  36  km  {Publications  of  the 
Lick  Observatory,  13,  168,  1918).     Is  the  agreement  accidental? 
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Here  we  find  a  strong  tendency  for  the  random  motion  to 
decrease  with  advancing  type,  the  velocity  of  the  Se  stars  corre- 
sponding to  that  of  classes  Mye  and  M8e.  The  residuals  from  the 
other  solutions  have  also  been  grouped  according  to  spectral  type, 
the  results  being  exhibited  in  Table  XIII. 

The  most  rapidly  moving  stars  show  an  evident  tendency  to 
favor  the  earlier  spectral  classes.  Among  the  slowly  moving  stars 
one  could  not  expect  to  find  a  decided  progression  with  type,  but 
in  the  case  of  the  68  stars  selected  by  residuals  from  the  solution 
based  on  the  variables  themselves,  there  appears  to  be  a  trace  of 
it.  In  the  case  of  the  76  stars  selected  on  the  basis  of  the  residuals 
from  the  ordinary  solar  motion,  the  selection  has  little  or  nothing 


TABLE  XIII 
Me.4n  Spectrax  Type  and  Residual  Velocity  by  Groups 


Low  Residuals 

Types 

OS  Stars 

76  Stars 

Mean 
Type 

No. 

Mean 
Resid. 

Mean 
Type 

No. 

Mean 
Resid. 

Mean 
Type 

No. 

Mean 
Resid. 

Mean 
Type 

No. 

Mean 
Resid 

Mie-M4e. 
M5e-M6e. 
M7e-M8e. 
Se 

3-5 
5.6 

7-4 

36 
49 
34 
14 

km 
47 
32 
24 
24 

31 
5-6 
7-4 

20 

25 

13 

7 

km 
74 
53 
46 
40 

3-4 

5-7 
7-4 

16 

24 
21 

7 

km 
14 
II 
10 
II 

31 
5-7 
7-4 

17 
23 
26 
10 

km 
10 
15 
15 
12 

to  do  with  characteristic  properties  of  variable  stars  and  the  mean 
residuals  probably  have  no  significance.  The  correlation  of  high 
speed  with  early  spectral  type  is  evidenced,  however,  by  the  numbers 
of  stars  involved  in  the  various  groups.  Among  the  high  residuals 
the  ratio  of  the  number  of  stars  in  classes  Mi  to  M4  to  those  in 
classes  My  and  MB  is  1.5,  while  the  same  ratio  for  the  stars  with 
low  residuals  is  0.8  in  one  case  and  0.7  in  the  other.  If  the  stars 
are  divided  into  several  groups  according  to  size  of  the  residual 
velocity,  the  mean  spectral  type  of  each  group  tends  to  decrease 
with  increasing  velocity.  Both  methods  of  grouping  exhibit  irregu- 
larities in  the  correlation  between  type  and  velocity,  however,  show- 
ing that  the  relationship  is  of  a  general  statistical  nature  and  not 
binding  on  individual  stars. 
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The  relationship  between  light-period  and  velocity  was  next 
examined.  The  stars  involved  in  each  solution  were  arranged  in 
order  of  period  and  divided  into  equal  or  nearly  equal  groups.  In 
the  main  solution  for  133  stars,  seven  groups  were  formed;  in  the 
solution  for  68  and  65  stars,  five  groups  each.  The  mean  periods 
and  the  mean  residuals  for  these  groups  are  tabulated  in  Table  XIV. 

On  the  whole  there  is  a  decided  tendency  toward  slower  motion 
with  increasing  period.  This  appears  most  clearly  among  the 
stars  with  high  residuals.     Among  the  stars  with  low  residuals  the 

TABLE  XIV 

Period  and  Residual  Velocity 


All 

High  Residuals 

Low  Residuals 

Group 

Mean  Period 

Mean 
Residual 

Mean  Period 

Mean 
Residual 

Mean  Period 

Mean 
Residual 

I 

2 

days 

155 
227 
260 
289 
323 
359 
418 

km 
64 
27 
37 
36 
21 

31 

24 

days 
174 
254 
293 
328 
380 

km 
90 
62 
50 
38 
48 

days 
171 
242 
291 

350 
428 

kni 

13 
12 

■2 

10 

4 

s 

6 

7 

15 

total  range  of  velocity  is  so  small  that  a  strong  progression  cannot 
be  expected.  The  fact  that  long-period  stars  tend  to  have  small 
residuals  is  indicated,  however,  by  the  fact  that  the  last  two  groups 
have  a  larger  mean  period  than  the  corresponding  groups  of  the 
stars  with  high  residuals. 

The  correlation  between  period  and  velocity  is  incomplete  in 
that  stars  of  low  velocity  may  have  any  length  of  period.  It  seems 
clear,  however,  that  very  high  velocities  are  largely  confined  to 
stars  having  short  periods.' 

Heiskanen  and  Ludendorff,  in  a  study  based  on  44  variables,^ 
called  attention  to  the  probable  dependence  of  velocity  upon  period, 
and  pointed  out  that  at  least  the  dispersion  of  the  radial  velocities 

^  Averaging  a  little  over  200  daj's.     The  stars  with  the  very  shortest  periods, 
90-150  days,  do  not  appear,  from  present  data,  to  have  extremely  high  velocities. 
"  Astronomische  Nachrichlen,  213,  297,  1921. 
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decreases  with  increasing  period.     This  is  confirmed  by  the  more 
extensive  data  of  the  present  article. 

That  the  apparently  fainter  variables  are  moving  more  rapidly 
than  the  brighter  ones,  as  indicated  by  the  Ann  Arbor  measure- 
ments, appears  to  have  been  an  accidental  result  due  to  high  veloci- 
ties of  comparatively  few  stars,  as  the  present  data  do  not  afford 
much  evidence  of  such  a  relationship. 
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Fig.  5. — Residual  radial  velocity  and  period.  Class  Se  stars  are  indicated  by 
circles. 

It  is  a  pleasure  to  acknowledge  the  able  assistance  of  Miss  Cora 
G.  Burwell  in  making  the  computations  described  in  the  foregoing 
pages. 

GENERAL   DISCUSSION 

The  main  purpose  of  this  article,  which  is  to  present  observa- 
tional results  concerning  the  radial  velocities  of  long-period  vari- 
ables, has  been  accomplished  in  the  preceding  pages,  which  contain 
also  some  computations  and  tabulations  exhibiting  certain  statisti- 
cal relationships.     Some  features  of  the  data  are  very  puzzling  and 
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seem  quite  out  of  harmony  with  the  more  general  facts  of  stellar 
motions  and  with  plausible  hypotheses  as  to  the  place  of  the  variable 
stars  in  stellar  evolution.  No  attempt  is  made  to  explain  these 
phenomena  and  to  co-ordinate  them  with  other  astronomical  facts, 
and  the  article  is  concluded  with  only  a  brief  recapitulation  of  the 
geheral  results  and  a  cursory  examination  of  some  of  the  problems 
involved. 

The  ver\'  extensive  photometric  and  spectroscopic  data  concern- 
ing long-period  variables  of  class  ]SIe  gathered  by  many  observers, 
but  chiefly  by  those  of  the  Harv'ard  College  Observatory,  have 
shown  that  the  average  values  of  the  following  characteristics  vary 
together  as  indicated : 

1.  Advancing  spectral  type^ 

2.  Increasing  period 

3.  Increasing  magnitude  range 

The  spectrographic  observations  discussed  in  this  paper  enable  us 
to  add  to  the  Kst: 

4.  Increasing  displacement  of  bright  lines  relative  to  absorption  lines 

5.  Decreasing  random  velocity 

It  is  not  easy  to  decide  which  of  these  relationships  arise  directly 
from  physical  causes,  and  which  are  incidental.  The  correlation 
of  magnitude-range  with  relative  displacement  of  the  bright  lines 
and  with  random  velocity  appears  to  have  little  direct  signifi- 
cance. The  relative  displacement  of  the  bright  lines  seems  to  be 
most  clearly  connected  with  the  period,  while  the  random  velocity 
is  correlated  about  equally  well  with  type  and  with  period.  But 
in  all  these  correlations  neglected  factors  are  evidently  present, 
which  in  some  stars  are  more  potent  than  the  general  statistical 
tendencies  and  cause  a  considerable  spread  in  values  from  indi- 
\'idual  stars. 

One  might  expect  the  relative  displacement  of  the  bright  lines 
to  vary  more  directly  with  type  than  with  period,  but  this  is  not  the 
case,  and  it  is  really  not  surprising  in  AieW  of  the  fact  that  S-  and 

'  The  correlation  of  the  subdi\'isions  of  class  Me  with  period  becomes  quite  clear 
when  the  S-t>'pe  stars  are  removed  from  the  list.  See  Mt.  Wilson  Contr.,  No.  252; 
Aslrophysical  Journal,  46,  472,  1922. 
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N-type  stars  exhibit  similar  displacements  and  that  the  S  stars  also 
show  a  progression  with  period.  Some  fundamental  property 
such  as  mass  or  density  probably  influences  both  period  and 
displacement. 

The  decrease  of  average  random  velocity  with  advancing  type 
and  increasing  period  is  difficult  to  understand  if  we  make  the 
natural  assumption  that  the  Me  stars  continue  the  main  sequence 
of  types  from  B  to  M.  According  to  this  view,  there  is  a  great 
increase  in  velocity  in  passing  from  the  ordinary  M  stars  to  those 
of  classes  M3e  to  Mse  and  then  a  decrease  for  classes  M6e  to  M8e. 
This  is  so  improbable  that  one  can  scarcely  avoid  the  conclusion 
that  we  have  to  deal  with  something  more  complex  than  a  single 
evolutionary  sequence  of  identical  objects  passing  from  M8e  to  K. 
It  may  well  be  that  individual  stars  differ  in  certain  properties;  e.g., 
mass  or  chemical  composition,  or  that  their  cosmical  environments 
are  not  sufficiently  uniform  to  cause  all  stars  to  pursue  precisely 
the  same  train  of  behavior. 

The  periods  and  the  random  velocities  of  the  S-type  stars  are 
nearly  the  same  as  those  of  types  Mye  and  M8e,  but  their  spectra 
certainly  do  not  belong  at  the  end  of  the  sequence  Mie-MSe. 
Judging  from  its  general  appearance,  the  typical  S  spectrum  more 
nearly  corresponds  to  that  of  Class  Mi  or  M2. 

From  twenty-five  stars  of  class  N,  Moore'  found  a  mean  residual 
velocity  of  18.0  km,  which  is  decidedly  less  than  the  corresponding 
value  for  class  Me,  and  somewhat  less  than  that  for  class  Se.  The 
solar  motion  from  the  N  stars  does  not  resemble  that  from  the  Me 
stars,  so  that  we  may  say  that  radial  velocity  data  do  not  suggest 
a  close  connection  between  variables  of  classes  M  and  N. 

The  average  residual  radial  velocity  of  the  Me  stars  is  nearly 
the  same  as  that  of  102  planetary  nebulae.^  Whether  or  not  this- 
fact  has  any  physical  significance  is  a  question  for  the  future. 

If  the  Me  variables  form  a  part  of  the  main  evolutionary 
sequence,  they  apparently  represent  either  an  initial  or  a  final 
stage;    their  high  velocities,  however,  make  it  difficult  to  consider 

'  Lick  Observatory  Bulletins,  10,  160,  1922. 
^Publications  of  the  Lick  Ohscrvalory,  13,  168,  1918. 
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them  very  young  stars  just  beginning  their  visible  careers,  while, 
on  the  other  hand,  it  is  very  improbable  that  they  are  aged  and 
highly  condensed  objects  about  to  sink  into  obscurity. 

In  spite  of  our  very  considerable  store  of  data  concerning  these 
objects,  it  seems  plain  that  we  cannot  cope  with  the  fascinating 
problems  which  they  present  without  securing  many  more  facts 
of  various  kinds. 

The  discussion  of  the  velocity  determinations  may  profitably  be 
extended  by  using  the  proper  motions  which,  chiefly  through 
Wilson's  work,^  are  now  available  for  about  90  of  the  133  stars 
having  measured  radial  velocities.  It  is  the  intention  of  Dr. 
Stromberg  and  the. writer  to  do  this  in  another  contribution. 

Mount  Wilson  Observatory 
June  1923 

^  Astronomical  J otirnal,  34,  183,  1923. 


NOTE  ON  THE  TOTAL  SOLAR  ECLIPSE  OF 
SEPTEMBER  10,  1923 

The  total  solar  eclipse  of  September  lo,  1923,  proved  a  sore 
disappointment  to  the  American  astronomers  assembled  along  the 
southwestern  coast  of  our  continent.  Cloudy  conditions,  quite 
unusual  at  the  season,  prevailed  for  several  hundred  miles  along 
the  track  of  totahty  and  completely  frustrated  the  extensive 
preparations  of  most  of  the  expeditions. 

At  Puerto  Libertad,  on  the  Gulf  of  California,  Professor  A.  E. 
Douglass,  of  the  University  of  Arizona,  was  able  to  carry  out  his 
program. 

Near  Yerbanis,  in  the  State  of  Durango,  Mexico,  were  located 
the  joint  party  from  the  Swarthmore  and  Allegheny  observatories, 
under  Professors  J.  A.  Miller  and  Heber  D.  Curtis,  and  the  official 
Mexican  party,  under  Sr.  J.  Gallo,  director  of  the  Observatory  of 
Tacubaya.  In  spite  of  a  heavy  downpour  not  long  before  the 
eclipse,  the  sky  cleared  sufficiently  for  successful  observations. 
Not  far  away  was  a  party  of  German  astronomers,  including 
Messrs.  H.  Ludendorff,  R.  Schorr,  and  A.  Kohlschuetter,  who  had 
a  clear  sky. 

The  sky  was  fairly  favorable  at  Lompoc,  northwest  of  Santa 
Barbara,  California,  and  photographs  of  the  corona  were  secured, 
but  there  were  few  observers  in  this  vicinity  on  account  of  the  short 
duration  of  totality. 

Mt.  Wilson  Observatory  had  a  large  party  stationed  on  Point 
Loma,  near  San  Diego.  Director  W.  S.  Adams  and  Dr.  C.  E.  St. 
John  were  planning  to  make  spectroscopic  observations  on  Mt. 
Wilson,  where  the  eclipse  was  within  2  per  cent  of  being  total,  but 
unfavorable  sky  nullified  these  plans. 

A  party  from  the  McCormick  Observatory  of  the  University 
of  Virginia,  under  Professor  S.  A.  Mitchell,  had  a  station  at  Fort 
Rosecrans,  near  Point  Loma,  and  also  at  Lakeside,  where  the  Mt. 
Wilson  party  had  a  second  station. 

The  Lick  Observatory  had  planned  an  extensive  program  for 
Ensenada,  Mexico,  and  not  far  away  were  the  stations  of  the 
Lowell  Observatory  and  of  the  observatory  of  the  University  of 
Indiana. 

The  station  of  the  Yerkes  Observatory  was  situated  on  Santa 
Catalina  Island.  The  expedition  was  made  possible  by  the  generous 
gift  of  $5,000  from  Mr.  William  Wrigley,  Jr.,  who  holds  the  principal 
financial  interest  in  the  island.  The  site  chosen  for  the  station 
was  1300  feet  above  the  sea,  and  about  three  miles  from  the  city 
of  Avalon.     During  the  forty  days  prior  to  September  10  that  the 
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camp  had  been  occupied,  the  sky  was  very  favorable  at  the  hour 
of  the  eclipse  on  thirty-five  days,  and  unfavorable  on  five,  being 
completely  covered  on  only  two  days  at  o''54"'  Pacific  Standard 
Time.  The  elevation  of  the  sun  would  have  been  nearly  58°,  and 
the  conditions  as  regards  wind  were  very  favorable.  The  program 
included : 

1 .  Photography  of  the  sun  on  a  large  scale  with  the  coelostat  as 
used  in  1900  and  1918; 

2.  The  photography  of  the  flash  spectrum  with  a  train  of 
objective  prisms  on  a  motion  picture  film : 

3.  The  photography  of  the  infra-red  flash  spectrum  on  films 
sensitized  with  dicyanin,  a  small  concave  grating  being  used; 

4.  An  attempt  to  measure  the  rotation  of  the  corona  by  the  use 
of  an  autocollimating  spectrograph  supplied  with  coronal  light 
from  points  east  and  west  of  the  sun; 

5.  The  measurement  of  the  brightness  of  the  corona,  visually 
with  the  Hartmann  microphotometer,  and  photographically  on 
plates  taken  with  objective-prisms  placed  over  the  Zeiss  U.-V. 
doublet  and  over  a  6-inch  reflector; 

6.  The  determination  of  the  color  temperature  of  the  corona 
with  an  optical  pyrometer; 

7.  The  photography  of  the  successive  stages  of  the  eclipse  and 
of  the  corona,  with  a  Hawkeye  lens  of  20  inches  focus  attached  to 
a  Universal  moving  picture  camera,  an  image  from  a  standard 
light  being  impressed  upon  each  picture ; 

8.  Photography  with  short-focus  camera  of  the  sky  around  the 
sun; 

9.  An  autochrome  photograph  of  the  corona; 

10.  Photography  of  the  shadow  bands  with  a  ver}'  rapid  lens, 
and  with  cinematographic  camera;  besides  various  visual  observa- 
tions of  the  corona  and  attendant  phenomena  with  several  tele- 
scopes. 

Among  those  composing  the  party  of  the  Yerkes  Observatory 
were  thirty-seven  scientific  men  and  women,  including  representa- 
tives of  some  twenty-five  astronomical  observatories  and  colleges. 
A  more  detailed  account  of  this  expedition  will  soon  appear  in 
Popular  Astronomy. 

Northwestern  and  Harvard  Universities  had  instruments 
within  Camp  Wrigley.  Immediately  adjacent  were  the  parties 
from  the  University  of  Wisconsin,  Drake  University,  and  Carleton 
College. 

About  twenty-five  miles  distant,  at  the  "Isthmus"  on  Catalina 
Island,  Professor  Frank  P.  Brackett  of  Pomona  College  had  estab- 
lished a  station,  where  observations  were  to  be  made  by  a  number 
of  observers.  E.  B.  F. 
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SPECTROGR.\PHIC  OBSERVATIONS  OF  MIRA  CETI, 
R  LEOXIS,  T  CEPHEI,  AND  R  SERPENTIS 

By  EDWIN  B.  FROST  and  FRANCES  LOWATER 

ABSTRACT 

Reference  is  made  to  the  results  published  prior  to  191 7  by  other  observers  of  the 
spectra  of  ]\Iira  Ceti  and  R  Leonis. 

Velocities  of  Mira  Ccti,  R  Leonis,  T  Ccpliei,  and  R  Scrpcntis. — The  velocities  of 
these  stars  were  determined  from  (a)  absorption  lines,  (b)  bright  hydrogen  lines,  and 
(c)  bands  of  titanium  oxide  on  spectrograms  obtained  chiefly  during  the  years  1906- 
191 7  at  the  Yerkes  Observatory.  Table  II  exhibits  these  velocities.  A  dispersion  of 
three  prisms  was  used  for  five  plates  of  Mira  Ceti,  but  that  of  one  prism  for  all  of  the 
other  thirty-eight  plates  measured.  The  velocities  obtained  from  dark  lines  are 
approximately  constant  for  each  star.  The  average  difference  in  the  velocity  of  these 
stars  determined  from  bright  and  from  dark  lines  is  —  19.4  km,  in  close  agreement  with 
the  differences  obtained  by  other  observers  (Table  III). 

A  possible  explanation  of  the  striking  characteristics  of  the  spectra  of  Md  stars. — 
The  difference  in  the  velocities  determined  from  bright  and  from  dark  lines,  the  varia- 
tion in  magnitude  and  in  the  maxima  may  possibly  be  accounted  for  bj-  outbursts  of 
h3'drogen  recurring  with  considerable  regularity. 

Bright  lines. — The  wave-lengths  of  twenty-four  bright  lines  in  addition  to  those 
of  hydrogen  have  been  determined;  although  the  identification  of  their  sources  remains 
uncertain,  their  origin  would  seem  to  be  at  comparatively  low  temperature. 

The  physical  constitution  of  the  stars  of  class  Md,  character- 
ized by  spectra  having  dark  lines,  bright  lines  and  dark  bands, 
offers  an  interesting  field  for  investigation.  One  peculiar  feature 
of  this  class  is  that  the  radial  velocities  determined  from  the  dis- 
placement of  the  dark  lines  differ  systematically  from  those  deter- 
mined from  the  bright  hydrogen  lines,  by  a  quantity  of  the  order 
of  20  km  per  second.     Another  is  that  the  variation  in  the  intensity 
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of  the  bright  hydrogen  lines  implies  that  they  disappear  when  the 
star's  magnitude  becomes  a  minimum.  A  complete  explanation  of 
these  phenomena  has  not  yet  been  found. 

Some  of  the  stars  of  this  class  were  placed  on  the  observing 
program  of  the  Bruce  spectrograph  as  early  as  1906.  While  no 
hovel  results  have  been  obtained,  it  has  seemed  desirable  to  print 
our  study  of  those  for  which  satisfactory  plates  are  available, 
particularly  Mira  Ceti  and  R  Leonis.  It  will  be  recalled  that  the 
period  of  Mira  is  about  331  days,  with  a  range  of  magnitude  from 
2.0  to  9.6;  and  that  of  R  Leonis  is  313  days,  with  a  range  of  magni- 
tude from  4.6  to  10.2.  Their  maxima  and  minima  are  not  constant^ 
however,  but  no  regularity  in  their  variation  has  yet  been  deter- 
mined. 

Investigations  on  the  spectra  of  Mira  Ceti  and  R  Leonis  are 
found  distributed  over  a  period  of  nearly  thirty  years.  They  were 
assigned  to  class  Md  by  the  Harvard  observers.' 

The  most  important  early  papers  on  these  stars  are  the  following : 

Harvard  Annals,  28,  45,  98,  108,  1897. 

Annie  J.  Cannon,  ibid.,  56,  73,  104,  1912. 

W.  W.  Campbell,  Astrophysical  Journal,  9,  31,  1899. 

W.  Sidgreaves,  Monthly  Notices,  58,  344,  1898;  59,  505,  1899;  60,  579,  586, 
1900. 

A.  L.  Cortie,  ibid.,  67,  534,  1907. 

Joel  Stebbins,  Lick  Observatory  Bulletin,  2,  78,  1903;  Astrophysical  Journal^ 
18,  341,  1903. 

V.  M.  Slipher,  Astrophysical  Journal,  25,  66,  235,  1907. 

J.  S.  Plaskett,  Journal  of  the  R.A.S.  of  Canada,  i,  45,  1907. 

P.  W.  Merrill,  Publications  of  the  Astronomical  Observatory  of  the  University 
of  Michigan,  2,  45  ff.,  1916;   Astrophysical  Journal,  41,  247,  1915. 

The  spectrum  of  Mira  Ceti  is  shown  in  Plate  V,  which  is  repro- 
duced from  this  Journal  (25,  236,  1907,  q.v.)  where  it  illustrated  a 
short  paper  on  Mira  Ceti  by  Dr.  V.  M.  Slipher,  who  has  cordially 
assented  to  its  reproduction  here.  The  spectrum  of  R  Leonis  is 
reproduced,  also  on  Plate  V,  from  a  vertical  enlargement  by  Pro- 
fessor S.  B.  Barrett  of  our  one-prism  spectrogram  No.  IB  1004, 

'  According  to  the  modified  Harvard  classification  adopted  at  the  Rome  meeting 
(Transactions  of  the  International  Astronomical  Union,  1,  103,  1922;  reprinted  in  this 
Journal,  52,  65,  1923),  the  spectrum  of  Mira  should  be  designated  as  M6e  at  maximum, 
and  as  Mvep!  at  minimum. 
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taken  by  Parkhurst  and  Sullivan  about  a  week  after  maximum;  for 
a  comparison,  the  spark  spectrum  of  titanium  and  iron  was 
used. 

The  velocities  of  these  stars,  determined  from  their  dark  spectral 
lines,  are  approximately  constant,  that  of  Mira  being  about  +67  km 
per  second,  and  that  of  R  Leonis  +18  km  per  second.  The  veloci- 
ties obtained  by  different  observers  are  collected  in  Table  III. 

Among  the  points  dealt  with  in  the  above  investigations,  aside 
from  determination  of  velocity  and  structure  of  bright  lines,  are  the 
following. 

The  wave-lengths  of  the  heads  of  the  bands  in  the  spectrum  of 
Omicron  Ceti  and  of  some  other  stars  were  determined  by  Stebbins 
and  by  Plaskett.  (At  that  time  sufficient  evidence  for  the  identi- 
fication of  these  bands  was  not  available.) 

The  difference  in  the  displacement  of  the  bright  lines  and  of  the 
dark  lines,  the  former  being  approximately  0.25  A  less  toward  the 
red  than  the  latter,  was  noted  by  all  of  the  observers. 

Stebbins  made  a  study  of  the  changes  in  the  intensity  of  the 
bright  lines  and  of  the  continuous  spectrum  as  the  stars  grew 
fainter,  wliich  indicated  that  the  intensity  of  the  bright  hydrogen 
lines  decreased  with  the  decrease  in  magnitude  of  the  star,  while 
that  of  a  few  other  bright  lines  increased;  the  later  plates  furnished 
evidence  which  supported  the  view  that  the  bright  hydrogen  lines 
disappeared  when  the  star  was  at  minimum. 

In  measuring  the  spectrograms  secured  here  our  plan  was:  To 
determine  the  radial  velocity  of  the  stars  from  the  displacement 
(a)  of  absorption  lines,  {h)  of  bright  lines,  and  (c)  of  absorption 
bands;  to  find,  if  possible,  the  explanation  of  the  difference  in  the 
velocity  determined  from  these  three  kinds  of  spectra;  and  to 
identify  the  sources  of  numerous  bright  lines  and  of  a  few  unknown 
absorption  lines. 

The  spectra  were  photographed  by  different  observers  with  the 
Bruce  spectrograph  attached  to  the  40-inch  refractor;  for  the 
majority  of  the  plates,  the  dispersion  of  one  prism  was  used;  for  a 
few,  three  prisms  were  employed. 

The  region  well  covered  by  the  three-prism  plates  extends  from 
X4338  to  X4885;   by  the  one-prism  plates  from  X  3860  to  X  5036. 
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The  magnitudes  given  in  the  last  columns  of  Tables  I  and  II  are 
from  the  observations  published  in  the  Memoirs  of  the  British 
Astronomical  Association,  17-18,  1910-1912.  For  1915  to  1919 
the  magnitudes  are  taken  from  the  monthly  reports  of  the  American 
Association  of  Variable  Star  Observers,  published  in  Popular 
Astronomy. 

Table  II  gives  the  results  of  measurement  of  thirty-one  plates 
of  Omicron  Ceti,  eight  of  R  Leonis,  two  of  T  Cephei,  and  two  of 
R  Serpentis,  which  include  practically  all  the  plates  of  these  stars 
suitable  for  accurate  measurement  which  were  available  in  191 7 
(later  continued  through  1920).  The  columns  headed  "Number  of 
Lines"  or  "Number  of  Bands"  show  the  number  of  lines  or  bands 
used  in  the  determination  of  the  velocity.  Of  course  all  velocities 
have  been  reduced  to  the  sun. 

The  plates  were  measured  with  the  Gaertner  comparator  and 
reduced  by  the  method  ordinarily  practiced  here  of  calculating  the 
constants  of  a  Hartmann  formula  for  each  spectrogram. 

It  is  evident  from  the  fourth  and  sixth  columns  of  Table  II 
that  no  material  difference  in  the  velocity  of  Mira  Ceti  has  been 
introduced  by  the  use  of  different  spectral  lines  in  the  greater  exten- 
sion to  the  violet  of  the  plates  of  low  dispersion.  The  mean  velocity 
of  Mira  obtained  from  dark  lines,  when  equal  weight  is  given  to  all 
the  18  plates,  is  +67.i±o.53  km;  from  bright  hydrogen  lines  on 
30  plates,  it  is  -f  49. 2^=0.59  km.  The  number  of  plates  is  too  small 
to  warrant  us  in  attaching  significance  to  the  difference  in  the 
velocity  from  dark  lines,  +64.2  km,  from  the  three-prism  plates 
taken  in  December  1906,  and  the  velocity,  -f  70.0  km,  from  the 
one-prism  plates  taken  in  January  1907.  However,  there  may 
be  some  physical  significance  in  the  difference  in  the  velocity  of 
+45.4=to.73  km,  obtained  from  bright  lines  soon  after  the  maxi- 
mum at  magnitude  2 ^^3,  in  December  1906,  and  the  velocity  of 
4- 53. 1 ±0.2 7  km  obtained  from  bright  lines  soon  after  the  fainter 
maximum  at  3-^'6  in  February  191 5;  and  again  in  the  dift'erence  of 
the  former  velocity  and  the  velocity  of  +5i.5=bo.89  km  after  the 
fainter  maximum  of  3 ^'6  in  September  191 7.  This  point  will  be 
discussed  later. 
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TABLE  I 

Journal  of  Observations 


MIRA  CETI 


No.  of  Plate 


Date 


G.M.T. 


Duration 


Hour  Angle 


Quality 


Observers 


Magni- 
tude 


IIIB  677* 
679. 
686. 
687. 
688. 

IB  942 t 
943- 
944- 
952. 
953- 
954. 
972. 

3993- 

3994- 

3998. 

3999. 

4009. 

4357. 

4,381. 

5095. 

SI03. 

511S. 

5145. 

5378. 

5389. 

5575- 

SS8i. 

SS9I. 

SS9S- 

5894.. 

5955-. 


1906,  Dec.  22 

23 

24 
25 
25 

1907,  Jan.   5 

5 

5 

25 

25 
25 

Feb.   8 

1915,  Jan.  29 

29 

Feb.   8 


1916, 
1917, 

1918, 


Jan. 


16 
17 
23 
Nov.  16 
23 
Dec.  10 
Jan.   4 
Sept.  16 
30 

1919,  Aug.  18 

29 

Sept.  12 

IS 

1920,  Aug.   2 

25 


I3ho2K 

13  27 

12  54 

11  43 

12  20 

14  55 

15  09 
15  29 

13  54 

14  17 

14  24 
13  03 

12  50 

13  41 
13  10 

13  52 
12  55 
12  05 
12  06 

15  II 
15  08 

14  18 
II  5° 
21  07 
20  15 

20  22 

21  36 

18  34 

19  19 
21  21 
21  17 


ISO™ 
206 

40 

18 

12 

5 
18 

30 
6 
201308 


64 
10 
62 

35 
30 
52 
75 

100 
48 
60 
61 
45 
45 
50 
62 

100 
go 


E  itiom 

E  o  37 

E  I  OS 

E  2  13 

E  1  36 


1  42 

1  57 

2  16 
2  02 
2  24 
2  31 
2  05 

1  12 

2  03 
2  13 
2  55 
2  29 
o  19 

0  06 

1  17 
o  53 

0  34 

1  22 
o  37 
o  42 

2  04 


0  45 

1  57 
o  36 


v.ft.,L.! 
f. 

f. 

g- 

E.g. 

K- 

L.g. 

E.g. 

L.f. 

v.g. 

v.g. 

S. 

f. 

v.g. 

v.g. 

L.g. 

g- 

v.g. 

g. 

Lg. 

v-g. 

g. 

g- 

E.g. 

f. 

L.g. 

Eg. 

f. 


F,  P,  S 
F,  P,  S 
F,  P,  B 

F,  I 

F,  Fox,  S 
F.  Fox,  S 
F,  Fox,  S 
F,  S 
F,  S 
F,  S 
F 

My,  S 
My,  S 
F,  S 
F,  S 
F 

B,  H 
H,  F 
Wk,  S,  B 
Wk,S 
B,  Wk 
Wk,  B 
Wk,  S 
Wk,S 
Wk,  S 
B,  S 
B,  S 
B,  Pv,  S 
Bk,  J,  S 
B,  S 


Maxima  of  Mira. . 


1906,  Dec.  18,  2M3 
191S,  Feb.  8,3.5 
1915,  Dec.  22,  3.0 


1916,  Nov.  8,  3M6 

1919,  Aug.  8,  3M0 

I9i7,0ct.  15,3-6 

1920,  July  s  (Too  near  sun) 

1918,  Sept.  16,  3  .6 

IB  738 
739 
741 
747 
752 
782 
1004 
ion 


1906,  Apr.     21 

21 

23 

27 

28 

June      2 

1907,  Feb.     24 
Mar.   31 


i4''3o" 
16  20 
IS  21 
15  50 
15  45 
15  00 
19  51 
18  08 


65- 

35 

64 
los 
223 

78 
210 
210 


W  ol>48° 
W  2  35 


v.ft..  E.g. 
E.g. 
E.v.g. 
E.g. 
f. 
p. 
v.g. 
g- 


P,  S 
P,  S 
F,  S 
B,  S 
P,  S 
P,  S 
P,  S 
F.  P 


6.1 
6.1 
6.0 
6.3 
6.3 
6.9 
S-7 
6.5 


Maximum  of  R  Eeonis:   1906,  April  i,  s^t. 

T  CEPHEI 


IB 


783. 
785. 


1906,  June      2 


Ijhoo™ 

16  28 


120™ 
22s 


E     Sh20'n 

E    5  23 


P,  S 
P,  S 


6.0 
6.3 


Maximum  about  May  24,  1906,  at  6'^3 


R   SERPENTIS 


IB    788. 
790. 


igo6,  June    24 
30 


16  04 


221° 
172 


W    2''42'^ 

W  o  59 


P.  S 
P,  S 


7.2 
7.2 


Maximum  about  July  14,  1906,  at  6M9 

Symbols:   f.  =fair;   ft.  =faint;  g.  =good;   E.=  bright  lines  of  hydrogen;   p.  =poor;  v.  =very. 
Observers:  B=Barrett;  Bk  =  Miss  Blo.k;    F  =  Frost;  H  =  Hubble;    I  =  Ichinohe;  J  =  M.  F.Jordan; 
My=Maney;    P=Parkhurst;   Pv  =  Paraskevopoulos;    S  =  Sullivan;  Wk=iMiss  Wickham. 
*  Plates  IIIB  677  to  688  were  obtained  with  three  prisms, 
t  Plates  IB  942  to  5955  were  obtained  with  one  prism. 
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TABLE  II 
Radial  Velocities  fqr  Miea  Ceti 


Date 

Dark  Lines 

Bands  of 

Meas. 
By 

Mag- 
ni- 
tude 

Plate 

All  Suitable 

Lines 
Common* 

OF  Hydrogen 

Titanium 
Oxide 

Maxi- 
ma 

No. 

of 

Lines 

Km 

No. 

of 

Lines 

Km 

No. 

of 

Lines 

Km 

N6. 

of 

Bands 

Km 

IIIB 
677 

1006 
Dec.  22 

23 
24 
25 
25 

24 

22 

24 

7 

+63.7 
63.2 
65.1 
64.9 

3 

4 
4 

+  71 
64 
67 

I 

+S4 

F 
F 
L 
F 
F 

2.3 

1906 
Dec.  18 

2.3 

686 

2 
2 
2 

44 
44 
39 

4 

+49 

687 

688 

Mean  (3 

+64.2 

+67 

+45 

+49 

IB 
942 

1907 

Jan.     5 

5 

5 

25 

25 

25 

25 

Feb.     8 

6 
6 

+67 
74 

3 

4 

+68 
74 

3 
3 
3 
3 
3 
3 
3 
3 

+47 
46 
45 
47 
43 
44 1 
46/ 
45 

4 
4 

+54 
44 

L 
L 
L 
L 
F 
F 
L 
F 

2.5 

9 

69 

4 

47 

3-0 

4.0 

Mean  (i 
prism) .... 

+70 

+  71 

+45 

+48 

IB 
3993 

1915 
Jan.     29 
29 
29 
Feb.     8 
8 
8 
16 

i8 

+66.9 

4 

+65 

2 
3 
2 
2 
2 
2 
2 

+  53 

55/ 
52 

3 

+41 

F 

F 
L 
L 
F 
L 
L 

3.8 

1915 
Feb.  8 

3998 

18 

68.4 

4 

69 

4 

53 

3-5 

40og 

16 

74-7 

3 

77 

4 

56 

3.8 

+70 

+70 

+53 

+50 

IB 

4357 

4381 

1916 

Jan.   17 
23 

8 

+66 

4 

+67 

3 
3 

+46 
47 

4 

+44 

L 
H 

3-3 
3-7 

1915 

Dec.  22 

3-0 

IB 

1917 
Nov.  16 
23 

Dec.  10 

1918 
Jan.     4 

2 
4 
3 
4 
3 

2 

53/ 
48J 
50/ 

56 

L 

Wk 
L 

Wk 
L 

Wk 

Sept.  27 
3-6 

14 
17 
16 
29 

+64 1 
69  ( 
641 
67/ 

8 

62 

4.0 

6 

53 

4.6 

+66 

+53 

+  58 

IB 
537S 

1918 
Sept.  16 
30 

16 

25 

+69 
66 

2 
2 

52 
52 

L 

L 

3-7 
3-9 

Sept.  16 
3-6 

5389  (2) 

6 

+64 

+68 

+52 

+64 

*  This  includes  only  lines  common  to  both  three-prism  and  one-prism  plates. 
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TABLE  II— Continued 


Date 

Dask  Lines 

Bands  of 

Meas. 

BY 

Mag- 
ni- 
tude 

Plate 

All  Suitable 

Lines 
Common* 

OF  Hydrogen 

Titanium 
Oxide 

Maxi- 
mum 

No. 

of 

Lines 

Km 

No. 

of 

Lines 

Km 

No. 
of 

Lines 

Km 

No. 

of 

Bands 

Km 

IB 

5575 

5581 

5591 

5595 

1919 
Aug.  18 

29 
Sept.  12 

15 

20 

+69 

3 

3 

2 

+45 
44 
50 
49 

L 
L 
L 
L 

3-3 
3-4 

Aug.  8 
3-0 

8 

71 

5 

46 

3-9 

+70 

+47 

IB 
5894 

1920 
Aug.    2 
25 

2 

59 
+56 

L 
L 

13 

+61 

58 

4.8 

IB 

738 

739 

739 

741 

741 

747 

752 

782 

1004 

1906 

Apr.  21 
21 
21 
23 
23 
27 
28 

June  2 
1907 

Feb.  24 

Mar.  31 

2 
2 
2 
2 
2 
2 
2 
2 

2 
2 

-  6.3 

4-5l 
2.4/ 
7.o\ 

.7.6/ 
6.7 
6.2 

10.8 

7-5 
1-5 

F 
F 
L 
F 
L 
L 
L 
F 

L 

F 

II 

+  19 

II 

16 

+  18 

-  6.0 

T    CEPHEI 


IB 

783 

78s 

1906 
June     2 
9 

5 
7 

-15 
-13 

2 

2 

-33 
-28 

3 
3 

-83 
-69 

L 
L 

-14 

-30 

-76 

R   SERPENTIS 


IB 

788 

790 

1906 
June  24 
30 

6 

5 

+32 
+  28 

2 
2 

+  15 
+  6 

3 
3 

-69 

-45 

L 
L 

+30 

+  10 

-57 

The  velocity  has  been  computed  from  the  displacements  of 
the  bands  of  titanium  oxide,  with  the  use  of  the  wave-lengths 
given  by  A.  Fowler'  when  he  proved  this  compound  to  be  the 
chemical  origin  of  the  bands  characteristic  of  the  spectra  of  stars 

'  Proc.  Roy.  Soc,  A,  79,  509,  1907. 
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of  class  Md.  We  see  from  Table  II  that  this  velocity  differs  little 
from  that  obtained  from  bright  hydrogen  lines,  being-|-5i.6zt  1.3  km. 
However,  some  uncertainty  must  be  attached  to  the  velocity 
determined  from  the  heads  of  bands  on  account  of  the  difficulty 
of  setting  on  the  head  or  the  corresponding  parts  of  a  head  on  the 
stellar  absorption  plate  and  the  laboratory  emission  plate;  for 
more  reliable  values  we  need  many  plates  of  high  dispersion  and 
with  exposure  of  the  stellar  plates  most  suitable  for  absorption 
bands. 

A  further  attempt  to  find  the  velocity  from  the  bands  of  titanium 
oxide  was  made  by  Miss  Lowater  while  working  recently  under 

TABLE  III 
Comparison  of  Velocities  Obtained  by  Different  Observers 


Velocity  from 

Difference 

Dark  Lines 

Bright  Lines 

Dark 

km 

km 

km 

Mira  Ceti 

+62     (7) 

+44    (7) 

-18 

Campbell  and  Wright 

1897-98 

+66    (7) 

Stebbins 

1902 

+63    (i) 

+48     (l) 

-15 

Campbell  and  Stebbins 

1914 

+67    (3) 

+  52     (4) 

-15 

Merrill 

1914 

+65    (2) 

+46  (14) 

-19 

Plaskett 

1906-7 

+67(18) 

+49  (30) 

-18 

F.  and  L. 

1906-7, 
1915,1916, 
1917,1918, 
1919,1920 

R  Leonis 

+  25    (2) 

0    (7) 

-25 

Merrill 

1914 

+  18    (2) 

-   6    (8) 

-24 

F.  and  L. 

1906, 1907 

R  Serpentis 

+32    (i) 

+  8    (4) 

-24 

Merrill 

1914 

+30    (2) 

+  10    (2) 

—  20 

F.  and  L. 

1906 

T  Cephei. 

—  30    (2) 

Merrill 

1Q14 

-14    (2) 

-30    (2) 

-16 

F.  and  L. 

1906 

Mean 

-19.4 

Mean  of  differences  for  all  stars  by  all  observers  =  —19.4  km 
Mean  of  differences  for  all  stars  by  F.  and  L.  =  — 19 .5  km 
The  numbers  of  plates  used  in  forming  the  mean  are  given  in  parentheses  after  the  velocities. 

Professor  Fowler  in  the  Astrophysical  Laboratory  of  the  Imperia 
College  of  Science,  London.  The  emission  spectrum  of  titanium 
oxide  was  photographed  with  a  Littrow  spectrograph,  giving 
resolution  of  the  same  order  as  that  of  the  stellar  plates.  A  nega- 
tive enlargement  of  the  three-prism  laboratory  plate  to  represent 
absorption  was  made  on  the  same  scale  as  an  enlarged  positive  of 
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the  corresponding  stellar  spectrogram.  Comparison  of  these  enlarge- 
ments showed  more  numerous  coincidences  of  band  lines  in  the 
stellar  and  laboratory  plates  than  was  previously  suspected.  For 
determination  of  wave-lengths  of  band  lines  the  stellar  spectro- 
gram was  not  very  suitable,  but  a  study  of  these  enlargements 
strongly  suggests  that  the  displacement,  due  to  velocity  of  the 
Hnes  of  the  band  cannot  be  very  different  from  that  of  the  metallic 
lines  common  to  the  two  spectra. 

The  results  of  the  present  investigation  contirm  the  conclusions 
of  other  observers: 

i)  that  the  velocity  of  these  stars  is  practically  constant; 

2)  that  the  velocity  determined  from  bright  hydrogen  lines 
has  a  much  smaller  positive  value  than  that  from  dark  lines,  of  the 
order  of  20  km  per  second. 

The  recession  of  Mira  Ceti  being  67  km  and  that  of  the  radiating 
hydrogen  49  km,  the  star  may  be  considered  to  be  at  rest  and  the 
luminous  gases  to  be  leaving  the  star  with  a  velocity  of  18  km  rela- 
tively to  its  surface.  A  possible  explanation  of  the  difference  in 
the  radial  velocity,  according  as  it  is  determined  from  the  displace- 
ment of  dark  lines  or  bright  hydrogen  lines,  would  thus  be  found  in 
the  eruption  or  shooting  outward  of  hydrogen,  as  is  well  known  to 
occur  in  the  eruptive  solar  prominences.  The  e\idence  in  support 
of  this  explanation  is  as  follows : 

I .  Velocities  far  in  excess  of  20  km  per  second  have  been  observed 
in  the  ascent  of  eruptive  solar  prominences.  If  hydrogen  is  erupted 
from  the  stars  in  the  direction  of  the  line  of  sight,  the  velocity 
determined  from  its  lines  would  have  a  smaller  positive  or  a  larger 
negative  value  than  that  obtained  from  dark  lines.  Hydrogen 
erupted  in  directions  inclined  to  the  line  of  sight  at  angles  ranging 
from  zero  to  90°  would  have  a  component  of  its  velocity  varying 
from  the  maximum  to  zero  kilometer  per  second.  This  variation 
in  velocity  would  cause  a  broadening  of  the  bright  hydrogen  lines, 
which  is  in  e\ddence  on  the  plates,  although  probably  lost  in  the 
intrinsic  breadth  of  these  bright  lines.  The  widths  of  the  bright 
hydrogen  lines  in  Mira  are  shown  in  Table  IV.  Thus  this  explana- 
tion finds  support  in  the  order  of  magnitude  of  the  difference  in 
velocity  obtained  from  dark  and  bright  hnes. 
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TABLE  IV 
Widths  of  Bright  Hydrogen  Lines 


Plate 


IB  5095. 
5145- 
5103- 
5115- 


Width  in  km  per  sec. 


X  3889.201 


57 
62 


X  4101 .Sgo 


94 

51 
114 

104 


X  4340.634 


91 
69 
105 
99 


2.  It  receives  support  in  regard  to  periodicity  from  the  evi- 
dence obtained  by  Stebbins,  that  the  bright  hydrogen  Hnes  dis- 
appear at  a  minimum,  combined  with  the  fact  that  eruptive  promi- 
nences of  the  sun  are  most  numerous  at  the  times  of  sun-spot 
maxima;  since  these  are  periodic,  the  frequency  of  eruptive  promi- 
nences must  be  of  a  periodic  character. 

3.  Not  only  is  there  need  of  an  explanation  of  the  difference  in 
velocity  from  dark  and  bright  lines,  but  also  for  the  variation  in  the 
magnitude  of  the  stars,  and  for  the  variation  in  the  values  of  their 
maxima.  The  variation  in  the  brightness  of  Mira  has  not  been 
accounted  for  by  the  presence  of  any  companion.  Stebbins  has 
expressed  the  opinion  that  the  star's  variation  is  due  to  the  action 
of  internal  forces.  Since  it  is  probable  that  the  eruption  of  hydro- 
gen is  periodic  and  there  is  evidence  of  the  hydrogen  lines  disappear- 
ing at  a  minimum,  it  is  possible  that  the  variation  in  magnitude 
itself  is  due  to  the  eruption  of  luminous  hydrogen,  the  magnitude 
increasing  with  the  larger  quantities  or  the  greater  heights  of  ascent 
of  the  gas.  The  variation  in  the  maxima  may  depend  on  the  speed 
with  which  this  incandescent  gas  is  projected.  Presumably  the 
greater  its  speed,  the  greater  will  be  the  distance  outward  that  it 
will  travel  through  the  heavier  envelopes  of  the  star,  and  then  the 
light  which  it  emits  will  be  subject  to  less  general  absorption  than 
when  its  speed  is  less.  This  idea  is  suggested  by  the  occurrence 
of  a  smaller  difference  in  the  velocity  from  dark  and  bright  lines 
in  January  and  February,  191 5,  when  it  was  17  km,  and  in  Novem- 
ber and  December,  1917,  when  it  was  14  km,  than  in  January,  1907, 
when  it  was  25  km;  at  these  times  the  maxima  were  3.8,  3.6,  and 
2.3  respectively,  differing  by  1.5  and  1.3  magnitudes. 
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4.  The  spectrum  of  the  solar  prominences  contains  bright  Hnes 
of  hydrogen,  helium,  and  some  metals;  the  spectra  of  Mira  Ceti 
and  R  Leonis  also  contain  lines  of  those  elements. 

It  is  not  at  all  probable  that  the  difference  in  displacement  of  the 
dark  lines  and  the  bright  hydrogen  lines  is  due  to  pressure,  for  the 
pressure  in  the  sun's  atmosphere  has  recently  been  shown  to  be 
about  one  thousandth  of  an  atmosphere,  and  that  of  the  stars' 
is  probably  of  the  same  order  of  magnitude. 

BRIGHT   LINES 

Hydrogen  lines. — In  the  spectrum  of  o  Ceti,  HjS  and  H7  appeared 
on  all  but  one  of  our  thirty-one  plates;  on  that  one,  IB  4009,  H/? 
may  have  been  masked  by  continuous  spectrum.  H5  was  present 
on  all  the  one-prism  plates,  but  was  not  within  the  range  of  the 
three-prism  plates.  Hf  was  on  all  the  one-prism  plates  except 
those  which  were  given  short  exposures  and  showed  bright  lines 
only.  He  appeared  unmistakably  on  one  plate  only,  namely, 
IB  952,  taken  on  January  25,  1907,  or  about  forty  days  after  the 
star's  maximum. 

In  the  spectrum  of  R  Leonis  H/3  and  He  were  entirely  invisible; 
H7  and  H5  were  present  on  all  the  plates,  but  H^  was  visible 
on  only  four  of  the  eight  plates  measured. 

Other  bright  lines. — The  wave-lengths  of  the  other  bright  lines 
are  contained  in  Table  V;  they  have  been  corrected  for  the  dis- 
placement due  to  the  velocity  determined  from  the  bright  hydrogen 
lines.  In  seeking  to  identify  their  sources  we  have  compared 
their  wave-lengths  with  Rowland's  "Preliminary  Table  of  S'olar 
Spectrum  Wave-lengths,"  with  corrections  and  additions  to  date; 
with  Exner  and  Haschek's  Codex,  and  with  the  table  of  iron  lines 
in  Kayser's  Handbiich  der  Spectroscopie,  6;  also  with  the  tables  in 
Kayser's  Handhuch,  5  and  6,  containing  the  wave-lengths  of  Knes  of 
the  elements  enumerated  in  Table  VI ;  with  data  by  Eder  and 
Valenta;  with  wave-lengths  of  flame  lines  by  Sir  Norman  Lockyer 
and  by  others;  also  with  those  of  electric  furnace  spectra  by  King, 
and  of  enhanced  Hnes  by  Fowler  and  by  Baxandall. 

The  evidence  from  a  comparison  of  stellar  and  laboratory  lines, 
as  far  as  its  goes,  might  suggest  that  most  of  the  bright  lines  arise 
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from  the  rarer  elements,  namely,  Tm,  Ce,  Wo,  Y,  Ta,  Tr,  Kr,  Pr, 
Ru;  Ti  and  V  are  also  suggested,  as  are  the  more  common  ele- 
ments, Fe,  Ca,  Mn,  Ni,  Cr,  and  H  giving  its  secondary  spectrum. 

TABLE  V 

Bright  Lines  in  the  Spectra  of  o  Ceti  and 
R  Leonis,  Except  Hydrogen  Lines 


Weighted  Mean 

Weighted  Mean 

Wave-Length 

Wave-Length 

3905 ■ 78 

4511-73 

4103 

15 

4521 

54 

4138 

80 

4559 

88 

4166 

03 

4562 

15 

4202 

01 

4584 

08 

4206 

68 

4633 

72 

4233 

42 

4634 

94 

4375 

98 

4639 

26 

4454 

41 

4756 

72 

4457 

06 

4801 

33 

4458 

79 

4803 

18 

4461 

44 

4838 

68 

TABLE  VI 


He 

Ne 
Ar 
Kr 
Xe 


Mg 

Sc 

C 

N 

0 

Mn 

Ca 

Y 

Si 

V 

Cr 

Sr 

La 

Ti 

Nb 

Wo 

Ba 

Zr 
Ce 

Ta 

Ru 


Also  the  rarer  elements,  of  which  the  place  in  the  Mendelejef  table  is  not  yet  fixed, 
namely,  Pr,  Nd,  Sa;   Eu,  Gd,  Tb;   Dy,  Nh,  Er,  Tm,  Ny,  Lu. 

The  correction  applied  to  the  wave-lengths  of  the  unknown 
bright  lines  may  not  have  reduced  their  measured  wave-lengths 
correctly,  for  the  difference  in  Mira's  velocity  determined  from  the 
bright  hydrogen  lines  and  from  the  absorption  lines  is  presumably 
due  to  motion  of  the  gas,  and  the  sources  of  the  other  bright  lines 
may  move  with  a  velocity  less  than  that  of  hydrogen.  If  that  be 
so,  the  wave-lengths  of  lines  from  different  sources  would  have 
errors  of  different  magnitudes,  but  for  the  lines  from  any  one 
source  we  should  have  approximately  equal  errors,  equal  differences 
between  the  stellar  and  laboratory  values  of  the  wave-lengths. 
This  test  has  been  carefully  applied  to  the  lines  of  many  metals 
and  gases,  but  no  consistent  differences  found. 
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Further,  in  cases  where  the  wave-lengths  of  a  few  stellar  lines 
approximate  fairly  consistently  to  the  laboratory  values  of  metallic 
lines,  they  represent  only  the  weaker  Hnes  of  the  metal,  the  promi- 
nent lines  of  corresponding  temperature  not  being  found.  For 
example,  if  we  have  the  low  temperature  iron  lines  XX  4202.2,  4216.4, 
4376.1,  and  4461.8,  we  should  also  find  the  intense  lines  XX  4383.7, 
4404.9,  4415.3,  also  of  low  temperature.  The  same  criticism  applies 
to  two  lines  approximating  those  of  nitrogen,  X  4511.73  and 
X  4634.94.  Again,  our  Hne  X  4166.03  is  temptingly  near  the  barium 
line  X  41 66. 1 61,  and  if  it  represents  barium  we  should  also  find  the 
line  X  4130.68,  a  member  of  the  same  triplet,  but  of  twice  the  in- 
tensity of  the  former  line;   of  that,  however,  we  have  no  record. 

In  regard  to  temperature  as  a  guide  in  identification,  the  recent 
work  by  A.  S.  King,'  "On  the  Production  of  the  Titanium  Oxide 
Bands  in  the  Electric  Furnace,"  indicates  a  state  of  comparatively 
low  temperature  in  the  star,  rather  than  high.  Work  by  Nicholson 
and  Pettit^  leads  to  the  same  conclusion.  This  evidence  is  con- 
firmed by  work  done  by  Miss  Lowater  on  the  bands  of  titanium 
oxide  produced  in  the  arc,  showing  that  it  is  necessary  to  keep  the 
current  small,  from  two  to  three  amperes,  in  order  to  maintain  the 
bands  comparatively  free  from  titanium  lines.  This  evidence  of 
low  temperature  is  in  direct  opposition  to  the  existence  of  enhanced 
lines,  as  for  instance,  the  iron  lines  X  4233.3  and  X  4584.0  in  the 
spectra  of  stars  of  type  M.  These  enhanced  lines  characterize 
B-type  stars  in  the  spectra  of  which,  as  is  well  kno\vn,  no  bands  of 
titanium  oxide  are  found.  The  evidence  is  that  the  bands  of  tita- 
nium oxide  cannot  co-exist  with  enhanced  lines.  If  the  bright  lines 
are  high  temperature  lines,  it  would  seem  that  they  must  arise 
from  a  body  separated  from  the  source  of  the  bands. 

We  are  strongly  inclined  to  the  opinion  that  identification  of 
these  bright  lines  will  not  be  found  among  terrestrial  metals,  rather 
more  likely  among  gases.  It  may,  however,  be  an  unknown 
spectrum. 

The  identification  will  surely  remain  uncertain  until  we  can 
obtain  more  accurate  determinations  of  the  wave-lengths  of  the 

'  Publications  of  Astronomical  Society  of  the  Pacific,  34,  348,  1922. 
^  Ibid.,  34,  132,  1922. 
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bright  stellar  lines.  A  comparison  of  the  tables  of  Stebbins/  of 
Adams  and  Joy,^  and  of  ourselves,  makes  this  point  very  evident: 
within  the  region  common  to  the  three  tables  Stebbins  has  four 
lines,  and  Adams  and  Joy  eight,  which  we  have  not;  we  have 
nineteen  lines  not  in  the  list  of  Adams  and  Joy,  and  another  not  in 
Stfebbins'  Kst;  further,  among  those  lines  which  we  have  in  common, 
the  differences  in  wave-length  of  lines  apparently  the  same  are 
quite  inconsistent  and  cannot  be  accounted  for  by  the  application 
of  different  corrections  or  by  the  use  of  different  standards.  Can 
these  differences  be  accounted  for  by  changes  in  the  star,  which 
are  accompanied  by  the  change  in  magnitude? 

It  may  be  of  interest  to  call  attention  to  the  appearance,  on 
plates  of  long  exposure  of  Mira  and  of  R  Leonis,  of  a  bright  line  of 
comparatively  small  intensity  on  the  less  refrangible  side  of  H5; 
its  appearance  and  proximity  to  H5  suggested  to  us  long  ago  the 
name  "Fratello."  Its  mean  wave-length  is  X4103.15dzo.015, 
when  corrected  for  the  star's  velocity  determined  from  the  bright 
hydrogen  lines.  Comparison  of  the  two  silicon  lines  given  by  Row- 
land at  X  3905.660  and  X  4103.097  with  our  lines  X  3905.78  and 
X  4103.15,  shows  a  discrepancy  of  0.07  A  in  the  difference  in  wave- 
length of  the  two  solar  lines  and  of  the  two  stellar  lines.  It  is  just 
such  a  discrepancy  which  makes  their  identification  with  silicon 
uncertain.^ 

Absorption  lines. — ^The  elements  represented  by  the  dark  lines 
from  which  the  velocity  was  determined  are:  Mg,  Ca,  Sr,  Ba; 
Ti,  Zr;  V;  Cr;  Mn;  Fe  and  Ni. 

SUMMARY 

The  results  of  the  present  measurements  may  be  summarized 
as  follows,  the  first  and  second  items  apparently  confirming  the 
results  of  other  observers: 

I.  The  radial  velocities  of  the  stars  o  Ceti  and  R  Leonis  are 
constant. 

'  Lick  Observatory  Bulletin,  2,  78,  1903. 

2  Publications  of  Astronomical  Society  of  the  Pacific,  30,  193,  1918. 

3  But  see  the  recent  comments  on  the  identification  of  these  lines  by  F.  E.  Bax- 
andall  in  the  Observatory,  46,  226,  July,  1923,  which  seem  to  establish  the  certainty  of 
their  identification  with  sUicon. 


SPECTROGFLAPHIC  OBSERVATIONS  OF  MIRA  CETI        279 

2.  The  difference  in  the  displacement  of  the  dark  lines  and  of  the 
bright  hydrogen  lines  is  equivalent  to  a  negative  velocity  of  the 
order  of  20  kilometers  per  second. 

3.  Possibly  the  variation  in  the  magnitude  of  these  stars  and  in 
their  maxima  may  be  accounted  for  by  outbursts  of  hydrogen, 
occurring  with  considerable  regularity  as  to  time;  possibly  also 
these  may  account  for  the  difference  in  the  velocities  determined 
from  bright  and  dark  lines. 

This  paper  was  prepared  for  pubHcation  in  essentially  its  present 
form  in  191 7,  but  was  withheld  in  the  hope  of  obtaining  some 
satisfactory  explanation  of  the  phenomena  involved;  and  was 
further  delayed  by  the  prospect  of  Miss  Lowater's  work  in  London, 
hence  it  might  without  impropriety  be  dated  191 7.  It  thus  does^ 
not  discuss  the  interesting  observations,  chiefly  made  at  Mount 
Wilson  since  that  date.  Since  the  paper  was  in  type,  Joy  and 
Humason  have  detected  a  faint  companion  to  Mira  of  magnitude 
about  10,  with  a  spectrum  of  type  B  or  earlier  and  showing  bright 
lines.  This  companion  has  been  seen  and  measured  by  Aitken, 
by  Van  Biesbroeck,  and  by  others.  But  this  does  not  appear  to 
account  for  the  spectrum  of  Mira  at  maximum,  although  greatly 
assisting  in  explaining  the  anomalous  spectrum  found  at  Mount 
Wilson  when  it  is  near  minimum. 

We  wish  to  express  our  thanks  to  Professor  A.  Fowler  for  his 
valuable  suggestions  pending  the  pubhcation  of  this  paper  while 
Miss  Lowater  has  been  working  on  closely  related  subjects  in  his 
laboratory  at  the  Imperial  College  of  Science  and  Technology 
during  1922-1923. 

Yerkes  Observatory 
November  1923 


ARC  AND  SPARK  SPECTRA  OF  ALUMINUM,  ZINC, 

AND  CARBON  IN  THE  EXTREME 

ULTRA-VIOLET 

By  R.  O.  HUTCHINSON 

ABSTRACT 

Description  of  apparatus  and  methods  employed. — A  grating  spectrograph,  inclosed 
in  a  metal  tube  which  could  be  evacuated,  was  used.  Evacuation  of  the  tube  was 
effected  with  a  mercury  diffusion  pump.  The  arc  was  struck  by  means  of  an  electro- 
magnet at  definite  intervals  and  exposure  completed  in  about  twenty  minutes,  the 
arc  being  operated  at  less  than  no  volts.  The  spark  was  produced  by  an  induction 
coU  operated  as  a  transformer  on  the  no-volt  alternating  potential.  The  exposure 
required  about  two  or  three  hours. 

Tables  of  lines  measured. — The  arc  spectra  of  aluminum,  zinc  and  carbon  to  XX  696, 
768,  and  595,  and  the  corresponding  spark  spectra  to  XX  678,  467,  and  460  were  meas- 
ured and  the  intensities  of  the  lines  compared.  This  represented  an  extension  of  the 
arc  spectra  of  metals  from  X  1376  to  X  595. 

INTRODUCTION 

The  spark  spectra  of  aluminum,  zinc,  carbon,  and  many  other 
substances  have  been  measured  in  this  laboratory  and  extended  far 
into  the  extreme  ultra-violet  by  the  work  of  Millikan,  Sawyer,  and 
Bowen*  using  the  vacuum  spectrograph.  Various  attempts  have 
been  made  to  extend  the  arc  spectra  of  metals  into  the  extreme 
ultra-violet.  Wolff,^  using  a  prism  vacuum  spectrograph  and  a 
vacuum  arc  separated  from  the  spectrograph  by  a  fiuorite  window, 
obtained  the  spectrum  of  zinc  to  X  1376.  McLennan,  Ainslie,  and 
Fuller,^  using  a  fiuorite  prism  spectrograph,  measured  the  spectrum 
of  aluminum  to  X  1605,  of  carbon  to  X  1464,  and  of  zinc  to  X  1445. 
Saunders''  used  a  vacuum  grating  spectrograph  but  had  his  source 
of  hght  and  his  photographic  plate  both  outside,  so  that  the  light 
had  to  pass  through  two  quartz  plates.  He  photographed  the  arc 
and  spark  spectra  of  aluminum,  zinc,  and  a  few  other  substances 

^  Astrophysical  Journal,  52,  286,  1920;  53,  150,  1920.  Proceedings  of  the  National 
Academy  of  Sciences,  7,  289,  1921. 

*  Lyman,  The  Spectroscopy  of  the  Extreme  Ultra-Violet,  p.  96.     1914. 
3  Proceedings  of  the  Royal  Society,  95,  316,  1919. 
1  Astrophysical  Journal,  43,  234,  1916. 
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above  X  1670.  McLennan  and  Lang,'  using  a  vacuum  grating 
spectrograph  with  the  arc  on  the  inside,  were  able  to  get  the  arc 
spectrum  of  carbon  as  far  as  X  584,  but  were  unable  to  go  lower  than 
X  1427  with  a  metallic  arc.  They  said  they  could  get  no  lines 
below  X  2000  with  an  intermittent  arc.  They  do  not  claim  any 
great  accuracy  for  their  measurements. 

The  present  investigation  was  started  for  the  purpose  of  extend- 
ing the  arc  spectra  to  shorter  wave-lengths  and  in  particular  to 
compare  the  arc  and  spark  spectra  of  aluminum,  zinc,  and  carbon. 
Carbon  was  chosen  because  with  it  an  arc  is  easily  formed;  alumi- 
num, because  it  furnishes  a  good  standard  line  of  short  wave-length; 
and  zinc,  because  it  is  rich  in  lines  in  the  spark  spectrum  in  the 
extreme  ultra-violet  and  was  expected  to  be  in  the  arc  spectrum. 
It  was  also  hoped  that  better  photographs  of  the  spark  spectra  would 
be  secured  by  the  substitution  of  curved  plates  for  the  straight 
ones  which  had  been  previously  used  in  this  laboratory. 

Since  this  investigation  was  started,  Simeon^  has  published  the 
results  of  his  research  in  which  he  photographed  the  arc  spectrum 
of  carbon  to  X  651,  using  a  vacuum  grating  spectrograph. 

APPARATUS 

The  vacuum  chamber  of  the  spectrograph  consisted  of  a  brass 
tube  (large  end,  steel)  120  cm  long  and  with  diameters  of  14  cm 
and  21  cm  at  the  two  ends.  The  ends  were  closed  with  brass 
plates  and  rubber  gaskets  screwed  to  the  flanges  of  the  tube.  A 
window,  W,  in  the  large  plate  served  for  observing  the  arc  or  spark. 

The  concave  grating  was  ruled  with  480  lines  per  mm  and  had  a 
radius  of  curvature  of  83.9  cm,  giving  a  dispersion  of  about  24.7  A 
per  mm.  For  work  with  such  short  wave-lengths  it  is  found  desir- 
able not  to  cut  away  all  the  surface  of  the  grating,  and  this  grating 
was  ruled  with  a  very  light  touch.  This  gave  a  very  bright  first- 
order  spectrum  and  no  observable  second  order. 

Schumann  plates  on  celluloid,  prepared  by  Hilger  &  Company, 
which  could  be  bent  to  the  desired  curvature,  were  used.  They 
were  i"  X  5^"  and  covered  the  whole  region  from  the  principal  image 

'  Proceedings  of  the  Royal  Society,  95,  248,  1919. 

^  Proceedings  of  the  Royal  Society,  (A)  102,  484,  1923. 
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to  X  3000.  The  plates  were  developed  in  a  special  hydrochinone- 
metol  developer  recommended  by  the  manufecturers.  During  the 
development  the  developer  was  kept  on  ice. 

The  grating  was  mounted  in  the  small  end  of  the  tube  (see  Fig.  i) 
and  was  provided  with  all  the  necessary  adjustments  for  moving  it 
along  the  tube  and  for  rotating  it  about  three  mutually  perpendicular 
axes.  Near  the  other  end  of  the  spectrograph  was  a  diaphragm 
which  served  to  hold  the  slit  and  plate  holder,  and  also  to  prevent 
stray  light  from  the  arc  or  spark  from  reaching  the  grating.     An 
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Fig.  I 

auxiliary  opening  through  the  diaphragm  avoided  the  necessity  of 
evacuating  through  the  slit.  The  plate  holder  DE  formed  the  arc 
of  a  circle  passing  through  the  slit  S,  and  both  could  be  rotated 
together  about  a  pivot  at  C,  by  means  of  a  screw  at  D.  The  interior 
of  the  tube  was  painted  black  with  a  dull  finish  to  prevent  reflec- 
tions. 

The  spectrograph  was  evacuated  through  the  opening  0  which 
was  connected  to  the  pump  by  a  one-inch  glass  tube  in  which  were 
connected  a  liquid  air  trap  and  a  mercury  trap  for  cutting  off 
connection  between  the  spectrograph  and  pump.  This  trap  made 
it  possible  to  hold  a  high  vacuum  in  the  spectrograph  after  the 
pumps  were  stopped.  A  double-stage  mercury  diffusion  pump  with 
a  Cenco  Hyvac  fore-pump  was  used  for  evacuation. 

One  of  the  chief  difficulties  encountered  was  in  so  placing  the 
source  of  light  that  the  cone  of  light  would  completely  fill  the  grating 
— an  essential  condition  for  sharp  lines.  This  was  accomplished  in 
the  case  of  the  arc  by  placing  it  very  close  to  the  slit,  not  more  than 
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3  mm  away.  But  it  was  necessary  to  keep  the  spark  gap  about 
three  times  as  far  away  to  prevent  the  spark  from  jumping  to  the 
slit  and  ruining  it.  The  spark  was  made  to  pass  between  terminals 
in  a  vertical  position  which  were  connected  to  the  source  of  high 
potential  through  large  brass  electrodes  ground  to  fit  bakalite  in- 
sulating plugs.  The  same  electrodes  served  for  the  arc  which  was 
used  in  a  horizontal  position. 

Various  attempts  w^re  made  to  get  an  arc  to  burn  in  the  high 
vacuum  maintained,  but  with  little  success  until  an  electro-magnet 
and  spring  were  arranged  for  striking  the  arc.  One  electrode  was 
connected  to  terminal  A  which  was  fixed.  The  other  was  connected 
to  B  through  a  spring  which  held  B  against  A  when  there  was  no 
current  through  the  coil  of  the  electromagnet  M.  An  armature 
was  attached  to  the  terminal  B  and,  when  the  circuit  of  the  electro- 
magnet was  closed,  B  was  drawn  away  from  A  and  an  instantaneous 
arc  was  formed. 

MANIPULATION 

The  grating  was  adjusted  so  that  the  principal  image  fell  near 
the  end  of  the  plate  farthest  from  the  slit.  The  grating  and  plate- 
holder  were  then  adjusted  to  give  a  sharp  focus  at  each  end  of  the 
plate.  Exposures  to  test  the  focus  could  be  made  in  air.  When 
the  proper  focus  was  secured,  the  brass  plate  was  placed  over  the 
small  end  of  the  spectrograph  and  did  not  need  to  be  removed  so 
long  as  the  grating  was  left  in  this  position.  The  other  end  had  to 
be  opened  after  each  exposure. 

The  arc  or  spark  terminals  were  placed  in  position  so  that 
the  cone  of  light  filled  the  grating  as  nearly  as  possible,  and  the 
photographic  plate  was  put  in  place.  The  front  end-plate  was  then 
fastened  on  and  the  pumps  started.  Liquid  air  was  kept  on  the 
trap  to  prevent  mercury  vapor  from  getting  back  into  the  spectro- 
graph and  also  to  freeze  out  any  vapors  present.  In  about  an  hour 
the  pressure  was  usually  reduced  to  about  o.oooi  mm.  The  mercury 
trap  was  then  closed  and  the  apparatus  allowed  to  stand  for  several 
hours.  This  served  to  remove  the  occluded  gases  from  the  walls  of 
the  tube,  and  also  to  give  the  plate  time  to  dry  and  adjust  itself 
to  the  conditions.     When  the  pumps  were  again  started,  it  was 
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often  possible  to  obtain  a  vacuum  of  the  order  of  o.ooooi  mm.  But 
as  soon  as  an  exposure  was  started  the  pressure  would  again  increase 
slightly.     Pressures  were  read  on  a  very  sensitive  McLeod  gauge. 

Arc  exposure. — The  terminals  A  and  B  were  connected  through 
a  rheostat  to  the  no- volt  alternating  potential  with  A  and  B  sepa- 
rated. They  were  then  allowed  to  m.ake  contact  and  immediately 
separated  again  by  the  electromagnet,  forming  a  bright  arc  of  very 
short  duration.  With  a  direct  current  it  frequently  happened  that 
sufficient  gases  were  liberated  to  make  the  arc  continuous  for  a  few 
seconds,  especially  in  the  case  of  the  carbon  arc,  but  this  caused 
fogging  of  the  plates  and  the  alternating  current  was  generally  used. 
Even  with  it  quite  a  little  gas  was  liberated  and  time  had  to  be 
allowed  between  arcs  for  the  pumps  to  remove  the  gases  liberated. 
In  the  early  stage  of  the  exposure  it  was  necessary  to  allow  ten  or 
fifteen  seconds  between  arcs,  but  after  a  mrniber  of  contacts  had 
been  made,  less  gas  was  liberated  and  the  contacts  could  be  made 
much  more  frequently.  In  general  the  frequency  of  the  contacts 
was  regulated  so  as  to  keep  the  pressure  about  o.oooi  mm,  but 
frequently  it  increased  to  about  0.0005  ^'^  or  more.  During  the 
major  part  of  the  exposure,  contacts  were  made  at  the  rate  of  about 
one  per  second,  but  instead  of  being  made  at  regular  intervals,  eight 
or  ten  were  made  in  rapid  succession  because  this  heated  the  ter- 
minals up  more  and  gave  a  more  intense  light.  A  mechanical  inter- 
rupter was  sometimes  used,  but  never  gave  as  good  results  as  when 
the  contacts  were  made  by  hand  while  the  operator  watched  the 
color  of  the  terminals. 

The  carbon  arc  was  the  least  troublesome  for  several  reasons. 
There  was  no  difficulty  in  getting  the  arc  to  strike.  It  could  be 
heated  hotter  without  danger  of  melting.  And  the  contact  points 
did  not  stick.  In  the  case  of  metalHc  terminals,  it  was  necessary 
to  be  constantly  on  guard  lest  they  fuse  together  until  they 
could  not  be  separated,  or  even  melt  off  completely.  Quite  often 
it  was  necessary  to  open  the  spectrograph  to  remedy  one  of  these 
causes,  and  then  a  new  plate  had  to  be  inserted  and  the  whole 
process  of  evacuation  repeated.  There  was  also  difficulty  in  getting 
the  arc  to  strike  between  metals,  but  if  they  were  brightly  polished 
just  before  being  put  in,  and  if  the  arc  was  not  made  to  pass  between 
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them  until  all  the  air  had  been  removed  so  that  oxidation  of  the 
surface  was  avoided,  the  arc  could  usually  be  struck  without  dififi- 
culty.  The  method  of  exposure  had  to  be  varied  continually,  and 
it  was  difficult  to  compare  the  times  of  two  exposures.  In  general 
an  exposure  required  from  fifteen  to  thirty  minutes,  depending  on 
the  width  of  the  sHt,  current,  etc.,  but  occasionally  good  plates 
were  secured  in  two  or  three  minutes.  On  account  of  the  short 
duration  of  the  arc  the  potential  and  current  strength  could  not  be 
determined  accurately.  The  potential  drop  across  the  arc  was 
probably  considerably  below  100  volts,  and  the  current  strength 
from  three  to  five  amperes.  Exposures  longer  than  thirty  minutes 
did  not  help  much,  for  with  a  fine  slit  the  deposit  from  the  arc 
usually  completely  or  nearly  closed  it  in  that  time.  The  slit  had  to 
be  cleaned  after  each  exposure. 

Spark  exposure. — The  "hot  spark  in  vacuo"  described  by  Milli- 
kan  and  Sawyer,'  and  previously  used  in  this  laboratory  for  spark 
spectra  in  the  extreme  ultra-violet,  was  used  in  this  investigation. 
The  high  potential  was  secured  from  an  induction  coil  operated  as 
a  transformer,  the  primary  of  which  was  connected  to  the  iio- 
volt  alternating  potential  through  a  variable  rheostat.  An  auxiliary 
spark  gap  in  series  with  the  spark  gap  in  vacuo,  and  a  large  plate 
condenser  in  parallel  with  the  spark  gaps,  served  to  produce  an 
intense  disruptive  discharge.  The  potential  was  equivalent  to 
that  required  for  a  spark  of  four  or  five  centimeters  in  air.  A 
motor-driven  contact-maker  closed  the  primary  and  produced  a 
series  of  sparks  about  three  times  per  minute.  From  two  to  five 
hours  were  required  for  an  exposure.  Longer  exposures  could  not 
be  made  on  account  of  the  variation  in  the  length  of  the  plate 
during  exposure,  producing  either  double  lines  or  broad,  hazy  ones. 
This  method  of  exposure  required  much  less  attention  than  the  arc, 
but  required  a  much  longer  time  and  the  lines  were  not  so  sharp. 

CALCULATION    OF    WAVE-LENGTHS 

When  light  of  any  wave-length  from  slit  5  strikes  the  grating  G 
at  an  angle  i,  it  forms  an  image  of  the  slit  at  a  point  P  such  that 
the  angle  NGP  =  i.     P  is  called  the  principal  image.     The  wave- 

'  Physical  Review,  12,  168,  1918. 
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length  corresponding  to  any  bright  line,  say  at  A ,  may  be  measured 
in  terms  of  its  distance  d  from  the  principal  image. 

Let  us  designate  the  angles  NGA  and  AGF  by  d  and  a,  the  wave- 
lengths corresponding  to  A  and  iV  by  X  and  X„,  the  grating  space 
by  a,  and  the  radius  of  curvature  by  R.  GN  is  the  normal.  Now 
the  concave  grating  formula  for  the  first  order  is: 


or 


X  =  o"(sin  i  — sin  d) 
X  =  X„  — 0-  sin  6 


(i) 

(2) 


When  6  is  small,  sin  6  is  approximately  equal  to  6  and  (X  — X„)  is 
proportional  to  6,  but  in  the  present  measurements  6  is  too  large  to 


Fig.  2 


make  this  assumption     Hence  it  was  necessary  to  plot  a  correction 
curve.     The  correction  to  be  applied  to  wave-lengths  calculated  on 
the  assumption  of  the  above  proportionality  is  found  as  follows: 
Expanding  sin  i  and  sin  6  and  substituting  in  (i)  we  get 


x=,_,.(^_t^ 


(3) 


Taking  out  (i  —  6)  as  a  factor  and  substituting  6  =  i  —  a,  equation 
(3)  reduces  to 

X  =  aa\  I h    .   .   . 


(4) 

The  terms  omitted  are  of  the  fourth  and  higher  degrees  in  i  and  a, 
and  are  negligible.     This  may  also  be  written  in  the  form 

X  =  aaii-b)  (5) 
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where 

h  =  \{2>i'-yo,+a').  (6) 

Now  the  correction  &  is  a  function  of  a  and  therefore  of  X.     If  hj, 
is  the  correction  in  the  case  of  some  line  Xi  taken  as  a  standard 

X     a  i—b     d  i—b 


Xi    tti  I  — bi    di  1 — bi 
or 


where 
and 


c=x'.*q*. 

I-Oi 


But  since  bj  is  negHgible  in  comparison  with  um'ty,  as  will  be  seen 
presently,  the  last  expression  reduces  to 

c=Ub,-b).    ■  (9) 

From  (5)  and  (7) 

-—  and        X  =  X 


Hence, 

a  =  ^{i-b.)-^ 
a 

Again  we  may  neglect  b^  in  comparison  with  unity  and  we  get 

a  =  \'/a,         and         i  =  \'„/a.  (10) 

Substituting  these  values  in  (6)  we  now  get 

b  =  -^S3K-3XX+y^)  ill) 

and 

C=(b.-b)=^j(\l-\'^)-3K{K-y)]-  (12) 

This  gives  the  correction  C  as  a  function  of  the  grating  constant, 
the  standard  wave-length,  the  wave-length  at  the  normal,  and  the 
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unknown  wave-length.  X„  was  kept  at  approximately  2000  A  most 
of  the  time  and  was  known  with  sufficient  accuracy  for  this  cor- 
rection. The  coriection  is  zero  at  the  principal  image  and  at  the 
standard  line,  negative  between  them,  and  positive  for  all  values  of 
X  greater  than  Xi.  C  was  plotted  against  X'  for  several  standard 
lines  and  by  interpolation  the  correction,  corresponding  to  any  X 
measured  in  terms  of  any  standard  hne  in  the  neighborhood  of 
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Fig.  3 

2000  A,  could  be  read  to  .01  A.  The  magnitude  of  the  correction 
involved  may  be  seen  from  the  accompanying  correction  curve  for 
Xi  =  1800  and  X„  =  2000. 

The  plates  were  measured  on  a  Gaertner  8-cm  comparator. 
Since  the  distance  d^  involved  in  equation  (8)  was  about  8  cm,  it 
was  very  necessary  that  the  screw  have  a  constant  pitch  throughout, 
the  whole  distance.  This  was  found  not  to  be  true,  and  a  calibra- 
tion curve  was  plotted  for  it  in  terms  of  a  standard  decimeter, 
certified  by  the  Bureau  of  Standards.  The  use  of  lines  of  longer 
wave-length  than  X  2150  as  standards  was  impossible  because  they 
were  more  than  8  cm  from  the  principal  image. 

On  account  of  the  variation  of  the  length  of  the  plate  with 
humidity  and  temperature,  especially  the  former,  the  dispersion 
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constant  (\/dj)  could  not  be  assumed  the  same  for  all  plates,  or 
even  for  the  same  plate  on  different  days.  At  first  considerable 
difficulty  was  encountered  in  the  variation  of  the  length  of  the 
plate  during  the  measurement  of  it.  For  if  a  setting  was  made  on 
the  principal  image,  then  on  a  line  to  be  measured,  and  finally  on 
the  standard  line,  and  if  the  plate  contracted  between  the  second 
and  third  readings,  equation  (8)  would  give  too  large  a  value  for  X', 
but  if  the  readings  were  taken  in  the  reverse  order,  it  would  give  too 
small  a  value.  This  was  found  to  be  the  case  if  readings  were  taken 
immediately  after  the  plate  was  adjusted  on  the  comparator,  but 
■  after  it  was  left  for  about  thirty  minutes  a  condition  of  equilibrium 
was  reached,  and  readings  thereafter  in  both  orders  were  quite 
consistent.  To  still  further  lessen  the  error  due  to  contraction, 
which  might  occur  during  the  measurement  of  all  the  Unes  on  a 
plate,  certain  sharp  lines  which  were  found  in  both  the  arc  and 
spark  spectra  were  measured  many  times  on  each  of  several  plates 
and  their  wave-lengths  served  as  secondary  standards  for  correcting 
the  wave-lengths  of  other  lines  on  each  plate. 

There  were  no  carbon  lines  within  8  cm  of  the  principal  image 
which  could  be  used  as  standards,  but  certain  very  prominent 
lines  occurred  in  the  spectra  of  both  aluminum  and  carbon.  These 
were  measured  in  terms  of  the  aluminum  line  at  X  1862.70,  and  were 
used  as  standards  in  measuring  the  other  carbon  lines.  These 
measurements  were  then  checked  in  two  distinct  ways:  (i)  using 
carbon  as  one  electrode  and  aluminum  as  the  other,  plates  were 
secured  giving  the  standard  aluminurh  line  and  most  of  the 
carbon  lines,  which  could  then  be  measured  directly ;  (2)  by  resetting 
the  plate  during  a  series  of  measurements  the  carbon  hne  atX2297.6o 
could  be  used  as  a  standard.  This  second  check  was  of  least  value 
because  it  meant  handling  the  plate  and  a  consequent  change  in 
length. 

The  standards  for  zinc  were  taken  from  Paschen's  measure- 
ments* which  were  reduced  from  the  Rowland  System  to  the  Inter- 
national by  the  correction  curve  given  by  Kayser,^  and  then  to 
vacuum  by  the  Bureau  of  Standards'  reduction  tables.^ 

'  Kayser,  Haitdbuch  der  Spectroscopic,  6,  860.  -  Ibid.,  p.  890. 

^Bureau  of  Standards  Bidletin,  14,  731,  1919. 
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Wherever  more  than  one  standard  line  was  available  on  a  plate, 
all  were  used  in  determining  the  dispersion  constant  to  avoid  errors 
due  to  the  peculiarities  which  might  exist  in  any  one  line. 

EESULTS 

-  Tables  I,  II,  and  III  give  the  wave-lengths  in  International  units 
of  the  arc  and  spark  spectra  of  aluminum,  zinc,  and  carbon.  The 
arc  lines  were  sharp  in  every  case  and  the  spark  lines  of  carbon  and 

TABLE  I 

Aluminum 


678.0 
696.2 
718.9 
833 -5 
834 -9 
881.2 

904 -5 
977-4 
loio. 7 
1037.2 
mo. 4 
III3-5 
1152-3 

1 1 76.0 

1 190. 1 
1192. 1 
1206.9 
1215.9 
1253-6 
1260.9 
1262.8 
1265.2 
1266. I 
1292.4 
1299.6 
1302.4 
1305-5 
1307-4 
1319-3 


Intensity 


Arc        Spark 


3 
6t 


It 


1328.7 

1334 -8\ 
1336-2/ 
1343-8 

1353-3 

1360. 
1380, 
1384. 
1437- 
1456. 
1464. 

1473- 


1491.1. 
1499.8. 
1506.0. 
1S15-8. 
1540. I. 

1548.5- 
1552-6. 
1560. 7. 

I56I-3- 
1562.4. 

1581-7. 
1598.6. 
1601 .0. 
1605.8. 
1611.9. 
1619.7. 


Intensity 


Arc        Spark 


7t 


o 

3 

I 
I 
3t 


2t 

3 


1622.6. . 
1629.2. . 
1639.4. . 
1644.9. • 
1651.9.. 
1670.9. . 
1673.2. . 
1688.7.. 
1706.9. . 
I7I9-5-- 
1721-3-  ■ 
1725.0. . 
1728.5.. 
1749.0. . 
1749.7. . 
1760.0. . 
1761.8.. 
1763.8.. 
1764.4. . 
1767.6. . 
1777.2. . 
1808. I.. 
1818.8.. 
1854.7.. 
1858.0. . 
1862.70'' 
1930.99=' 

1935-87' 
1990.49=' 


*  Used  as  standards. 
t  Broad. 


J  Probably  double. 
§  Possibly  not  a  line. 


Intensity 


Arc        Spark 


10 

4 


aluminum  were  good,  but  the  zinc  spark  lines  were  always  hazy 
and  in  certain  portions  of  the  plate  there  was  so  much  continuous 
background  and  the  lines  were  so  close  together  that  measuring 
was  very  difficult.     There  was  some  disagreement  in  the  wave- 
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lengths  calculated  from  measurements  on  different  plates,  but  when 
the  averages  for  several  plates  and  for  at  least  four  measurements 
of  each  plate  were  taken,  the  agreement  between  the  wave-lengths 


TABLE  II 

Carbon 


460. 1 

539-8 
5440 
S50.I 
562.0 
565-2 
574-9 
595-5 
600.9 
636.8 
642.3 
651.9 
687.1 

699-3 
704.6 
711. 6 
800.2 
807.1 
810.2 
858.9 
904-5 

946 ;  I 

977-4 
loio. 7 
1037.2 
1064.0 
1066.5 


Arc 


8 
lot 


Spark 


1077 
1085 
1093 

II39 
II42 
1 146 
I176 
1 190 
1 194 
1206 
1215 
1230 
1247 
1261 
1265 
1268 
1272 
1277 
1280 
1284 

1303 
1321 

1324 
1327 
1329 

1335 
1362 


Intensity 


Arc        Spark 


it 
2t 


6 

lot 


o 

It 

I 
3 
5 


2t 
2t 


5 

4t 

o§ 

o§ 

o§ 

4t 

3t 

2t 

3 

o§ 

5 

o§ 

4 

8t 


1374-8. 
1432.3- 


1463- 


1548.5 
1551-1 
1561.2 

1599-9 
1613.6 
1619.8 
1624. I 
1657-4 
1716.8 
1721 . 7 
1752-1 
1760.7 


1891 . I . . 

1892.7. . 
1930.8. . 
1954. I.. 
2020. 2 . . 
2072. 5\ 
2074. 2/' 
2131.9. . 
2297.60. 


Arc        Spark 


it 


10 
It 


2 
10 


4t 

5 
5 


3t 


o 
6 
4 
3 
I 

4 

7t 

o§ 

o§ 

6 

5 

4t 

4t 

3 
5 


t  Broad 


§  Possibly  not  a  line. 


for  the  arc  and  the  spark  were  such  that  there  was  no  justification 
for  publishing  the  wave-lengths  separately.  But  the  relative  inten- 
sities varied  considerably.  It  is  believed  that  the  wave-lengths 
given  are  in  most  cases  accurate  to  within  one-  or  two-tenths  of 
an  angstrom,  except  in  the  case  of  hazy  zinc  lines. 

The  present  investigation  does  not  represent  any  extension  of 
the  spark  spectrum  over  that  of  Millikan,  Sawyer,  and  Bowen,  but 
it  is  hoped  that,  by  the  use  of  curved  plates,  sharper  lines  may  have 
been  secured  and  more  accurate  measurements  made.  So  far  as 
the  author  is  aware,  no  other  investigator  has  secured  the 
arc  spectra  for  metals  below  X  1376.     The  present  investigation 
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TABLE  III 
Zinc 


467^5- 
4730- 
479-1. 
568.5. 
573-2. 
577-9- 
583s- 
678.6. 

714-5- 
756.0. 
768.1. 
780.4. 
786.6. 
825.4- 
830.4- 
848.6. 
853-0. 
881.9. 
889.5- 
893-6. 
898.0. 
900 . 8 . 
946 . o . 
950.1. 

954-5- 
958.6. 
968.0. 
973-5- 
977-7- 
991.6. 

TOOI .9. 
1008.0. 

1010. 7. 
IO18.4. 
1029.9. 
1037.4- 

1049 . 8 . 
1133-6. 
1136.0. 
"45-5- 
1155-9- 
1166. 2. 

1 1 70 . 6 . 
1176.0. 
1179.8. 
1182.4. 
1195.8. 

1200. 7. 


Intensity 


Arc        Spark 


it 
o§ 


5t 

2t 
O 


o§ 

ill 

oil 
o§ 

ill 

4t 


o§ 

0III 
o§ 

It 


1204.5. 

I2I2.9. 

I216. 2. 
1223.7. 
1229.0. 

1234-4- 
I 240 . 2 . 

1243-7- 
1250-5- 
1253-9- 
1263. I. 

1266. 1. 
1268.8. 
1273-4- 
1278.3- 
1280.8. 
1284.5. 
1292.8. 
1295-7- 
1297-3- 
I3OI.6. 

13044- 
13071- 
I319-3- 
I319.6. 

1322. 2. 
1324.2. 

1327-3- 
1328.7. 
1336.0. 
1340.0. 
1344-0. 
1349-3- 
1353-0. 
1360.2. 
1362.9. 
1364.6. 
1366.0. 
1374-8. 
1378.0. 
1387-8. 


1395 
1402, 
1406. 

1409 
I4II. 
I414. 


Intensity 


Arc        Spark 


o§ 


i§ 

3llt 
3llt 


2ilt 

o§ 

o§ 

2|lt 


Intensity 


1420.6. 

1426.0. 

1430.7- 

1432-5- 

1434-8. 

1439-5- 

1443- 

1445- 

1451- 

1457- 

1460. 

1464. 

1466. 

1473- 

i477-5\ 

1478.7/- 

1486.6.. 

1491.2.. 

1493.6.. 

1499.8.. 

1506.2. . 

1510.8.. 

1516.1. . 

1524-4- - 
1528.2.. 

1534-4- • 
I535-4-■ 
1541-8.. 
1547.6.. 

1552-7-- 
1556.6.. 

1561-3- 
I573-7-- 
1581.9.. 
1590.0.. 
1595-9-- 
1598-5- - 
1601. I. . 
1619.8.. 
1622.8.. 
1629.3.. 
1639.6.. 
1645.2.. 
1652. 1. . 

1671.9I 
1673.2/- 
1682.5.. 
1688.7.. 


Arc 


2 
O 

4 
o§ 


o§ 

ot 


Spark 


2|lt 


o§ 

I 

2 

4 
4 
4 
I 

3 


3 
3 

■5t' 
5 


5 

"At 
6 


*  Used  as  standards. 
!1  Hazy, 
t  Broad. 


t  Probably  double. 
§  Possibly  not  a  line. 
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1695 
1706 
1727 
1749 
1753 
1762 
1768 
1777 
1797 
1808 
1811 
1814 
1816 
1825 
1825 
1833 
1839 


Intensity 


Arc        Spark 


o§ 


1856 
1864 
1871 
1874 
1877 
1881 
1907 
1919 
1929 
1942 
1946 

1954 
1969 
1982 
2026 
2054 


16=" 


Intensity 


Arc        Spark 


i§ 

I 


2058.4.. 

2062.58" 

2064 . 9 

2067 . I 

2070.4 

2079.8 

2087.7 

2096.4 

2097.7 

2100.55 

2102.9 

2105. I 

21349 
2139.29 

2145-14 


Intensity 


Arc 


4 
9 
5 
2 

it 

4 

4t 

2 

2 

8 

4 

4 


Spark 


demonstrates  the  practicability  of  the  vacuum  arc  spectrograph 
for  metals  to  about  X  600,  and  it  is  believed  that  it  can  be  extended 
even  farther.  Its  advantages  over  the  spark  are:  (i)  That  it 
gives  sharper  lines;  and  (2)  that  it  requires  less  time  for  an  expo- 
sure. The  method  can  be  extended  to  find  the  spectra  of  salts  by 
using  a  vertical  arc  and  cored  carbons.  The  carbon  arc  was  used 
first  because  it  is  the  most  easily  operated.  Then,  too,  it  was  desired 
to  know  the  carbon  spectrum  so  that  carbon  could  be  used  as  one 
terminal  in  securing  the  spectra  of  other  substances  By  this 
arrangement  the  sticking  of  the  terminals  does  not  cause  so  mach 
trouble.  But  for  the  purpose  of  identifying  lines  at  least  one  expo- 
sure was  made  for  each  metal,  using  both  terminals  of  the  same  metal. 

On  account  of  the  variation  of  the  length  of  the  celluloid  plates 
with  moisture  conditions,  glass  is  much  to  be  preferred  if  it  can  be 
bent  to  the  proper  curvature.  However,  when  compared  with 
straight  glass  plates,  the  advantage  derived  from  a  sharp  focus 
more  than  offsets  the  disadvantage  of  the  variable  length. 

In  conclusion  the  author  wishes  to  acknowledge  his  indebtedness 

to  Professor  H.  G.  Gale,  Dr.  A.  J.  Dempster,  and  Dr.  H.  B.  Lemon 

for  helpful  suggestions. 

Ryerson  Physical  Laboratory 

University  of  Chicago 

September  i,  1923 


AN  INTERCOMPARISON  OF  TEMPERATURE 
SCALES 

By  W.  E.  FORSYTHE     , 

ABSTRACT 

Lisi  of  laboratories  of  which  comparison  was  made. — This  paper  deals  with  a  com- 
parison of  the  high-temperature  scales  in  use  at  the  Bureau  of  Standards,  the  General 
Electric  Company's  Research  Laboratories  at  Schenectady,  the  Physical  Laboratory 
at  the  University  of  Wisconsin,  the  National  Physical  Laboratory  of  England,  and  the 
Nela  Research  Laboratory  at  Cleveland. 

Method  of  cotnpar-ison. — Several  tungsten  lamps  that  had  been  carefully  aged  and 
calibrated  were  sent  to  each  of  the  foregoing  laboratories  and  the  temperatures  of  the 
lamps  were  measured  for  specified  currents  with  a  disappearing  filament  optical 
pj'rometer  using  a  plate  of  red  glass  as  the  monochromatic  screen.  The  reductions 
necessary  to  make  the  readings  comparable  because  a  non-black  body  was  used  are 
pointed  ouf. 

Results  of  the  comparison  are  given  in  Table  IT.  The  agreement  found  is  very  good, 
the  maximum  difference  being  only  a  few  degrees  for  any  point  of  the  entire- range 
from  1400°  K  to  2700°  K. 

In  all  radiation  work  general  agreement  upon  a  uniform  stand- 
ard of  high  temperatures  is  of  the  first  importance  and  next  in 
order  is  the  standardization  of  some  short  and  convenient  method 
for  accurate  temperature  measurements.  The  present  paper  deals 
with  the  intercomparison  of  the  high-temperature  standards  now 
used  in  several  research  laboratories  in  this  country  and  abroad 
by  the  method  of  brightness  temperatures  as  measured  by  the 
disappearing  filament  optical  pyrometer. 

Day'  and  his  co-workers  of  the  Geophysical  Laboratory  some 
ten  years  ago  did  some  very  laborious,  accurate,  and  important 
work  in  extending  earlier  temperature  measurements  with  the 
constant  volume  nitrogen  thermometer  up  to  the  melting-point 
of  palladium.  In  this  work  the  temperatures  of  several  of  the  stand- 
ard melting-points  were  determined  on  the  gas  thermometer  scale. 
Buckingham^  has  calculated  the  corrections  to  be  applied  to  tem- 
peratures measured  on  the  constant  volume  nitrogen  scale  to  reduce 
them  to  the  absolute  scale.  These  corrections  are  given  directly 
to  temperatures  of  about  1500°  K  and  by  extrapolation  can  be 

'  American  Journal  of  Science,  26,  405,  1905. 
^Bulletin  of  Bureau  of  Standards,  3,  237. 
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extended  to  the  palladium  point.  According  to  Buckingham's 
extrapolated  values  the  correction  to  be  applied  to  Day  and  Sos- 
man's  value  for  the  melting-point  of  palladium  is  about  o?6  C. 
The  two  points  investigated  by  Day  and  Sosman  most  used  for 
reference  in  the  field  of  high-temperature  radiation  are  the  gold 
point  and  the  palladium  point.  Practically  all  the  work  that  has 
been  done  in  the  high-temperature  region  has  been  based  upon  one 
or  the  other  of  these  values,  i.e.,  gold  point,  1336°  K,  or  palladium 
point  1823°  K. 

Some  work  done  with  the  disappearing  filament  pyrometer  in 
the  Nela  Research  Laboratory^  and  at  the  Reichsanstalt^  showed  a 
possible  error  in  the  melting-point  of  palladium  when  compared  with 
the  foregoing  value  for  the  melting-point  of  gold.  This  later  data 
has  been  obtained  by  measurements  on  the  relative  brightness  for  a 
particular  wave-length  interval  of  the  black  body  at  the  gold  point 
and  at  the  palladium  point.  From  the  ratio  thus  determined  and 
Wien's  equation  C2  taken  as  14350  fx  deg.,  a  value  of  1828°  K  is 
found  for  the  palladium  point  in  terms  of  1336°  K  for  the  gold  point. 
This  is  but  5°  higher  than  the  value  set  by  Day  and  Sosman  and.  is 
almost  within  their  assigned  limit  of  error. 

Almost  all  of  the  temperature  measurements  above  the  melting- 
point  of  gold,  or  at  most  above  200°  or  300°  higher  than  this  tempera- 
ture, are  determined  by  means  of  an  optical  pyrometer  calibrated 
from  a  black  body  held  at  one  or  more  standard  temperatures. 

The  accuracy  of  the  determinations  in  this  high-temperature 
region  depends  upon  two  things:  first,  upon  how  well  the  black- 
body  conditions  have  been  reproduced,  and  second  upon  the 
accuracy  with  which  the  standard  melting-points  have  been  deter- 
mined. When  gold  or  palladium  is  used  as  the  standard  metal,  the 
error  due  to  impurities  may  in  general  be  neglected  if  high  purity 
samples  are  obtained  from  Heraeus  or  the  mint.  If  the  tempera- 
ture scale  is  extrapolated  above  that  of  the  standard  temperature, 
i.e.,  gold  or  palladium  point,  by  the  use  of  an  absorbing  screen  or  a 
sector  disk  in  terms  of  one  of  the  radiation  laws,  there  is  a  possi- 
bility of  a  third  source  of  error.     This  last  error  may  be  caused  by 

'  Astrophysical  Journal,  42,  300,  1915. 

^  Zcilschriftfiir  Instrumcntenkundc,  33,  95,  1913. 


296  W.  E.  FORSYTHE 

an  error  in  the  transmission  of  the  sector  or  absorbing  glass,  by  the 
improper  location  of  the  sector/  or  by  an  error  in  wave-length^ 
used,  if  a  colored  glass  is  used  as  the  monochromatic  screen.  These 
three  sources  of  error  may  lead  to  very  great  uncertainties  in  the 
final  results. 

The  sources  of  error  just  mentioned  apply  to  measurements  on  a 
black  body.  If  the  temperature  of  a  non-black  body  is  deter- 
mined by  measuring  the  brightness  for  a  given  wave-length  X  with 
the  pyrometer,  the  temperature  thus  obtained  is  called  the  bright- 
ness temperature  of  the  body  and  is  the  temperature  to  which  a  black 
body  must  be  raised  to  give  the  same  brightness  for  the  same  wave- 
length. As  a  non-black  body  may  have  a  different  brightness 
temperature  for  every  different  wave-length  examined,  the  bright- 
ness temprature  of  a  hot  body  is  indefinite  unless  the  wave-length 
employed  in  the  measurement  is  specified.  Thus  if  we  say  the 
brightness  temperature  of  a  body  is  1500°  K  for  X  =  o.665/x,  we 
mean  that  for  this  wave-length  the  body  has  the  same  brightness 
as  a  black  body  at  1500°  K  for  this  same  wave-length. 

To  discover  the  extent  of  agreement  among  the  high  tempera- 
ture scales  in  use  by  a  number  of  research  laboratories  at  home  and 
abroad,  several  tungsten  lamps  that  had  been  carefully  aged  and 
then  calibrated  in  the  Nela  Research  Laboratory  were  sent  to  differ- 
ent laboratories  with  the  request  that  the  temperature  of  the  lamps 
be  measured  for  specified  currents  and  returned  to  this  laboratory. 
This  intercomparison  has  been  made  possible  by  the  kind  co- 
operation of  Dr.  Stratton,  director  of  the  Bureau  of  Standards, 
Sir  J.  E.  Peteval,  director  of  the  National  Physical  Laboratory  of 
Great  Britain,  Dr.  C.  E.  Mendenhall,  of  the  University  of  Wis- 
consin, and  Dr.  Langmuir,  of  the  Research  Laboratory  of  the 
General  Electric  Company.  In  each  of  the  laboratories  the  tem- 
peratures were  measured  with  a  disappearing  filament  optical 
pyrometer  using  a  plate  of  red  glass  as  the  monochromatic  screen.^ 

^Journal  of  the  Optical  Society,  4,  317,  1920. 

^  Asiropliysical  Journal,  42,  294,  1915. 

J  The  optical  pyrometer  can  be  used  to  measure  the  apparent  brightness  or  bright- 
ness temperatures  of  the  planets  (Nature,  8,  533,  1923)  for  different  parts  of  the  v-isible 
spectrum  by  the  use  of  suitable  color  glass  screens. 
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Although  this  inter  comparison  has  been  carried  out  by  measure- 
ments on  tungsten  filaments,  the  results  give  not  only  a  comparison 
of  the  brightness  temperature  of  tungsten  but  also  a  valid  compari- 
son of  the  high- temperature  scale.  As  was  mentioned  above,  when 
we  say  that  a  non-black  body  has  a  particular  brightness  tempera- 
ture for  a  definite  wave-length  interval,  we  mean  that  it  has  the 
same  brightness  for  this  wave-length  interval  as  the  black  body  for 
the  same  temperature.  If  strictly  monochromatic  radiations  were 
used  there  would  be  no  question  about  the  comparison.  By 
considering  the  "effective  wave-length"  of  a  color  glass  having  a 
wide  transmission  band,  as  will  appear  later,  the  results  obtained 
are  just  as  definite  as  they  would  be  if  a  screen  were  used  that  had 
a  very  narrow  transmission  band.  Thus  the  tungsten  filament  is 
used  as  a  convenient  source  with  which  to  compare  the  temperature 
of  the  different  standard  black  bodies. 

In  Figure  i  is  shown  a  picture  of  one  of  each  type  of  lamp  used 
in  the  intercomparison  and  in  Table  I  a  description  of  the  different 
individual  lamps  is  given. 

The  exact  point  at  which  the  temperature  of  each  of  the  ribbon 
lamps  was  to  be  measured  was  indicated  either  by  a  pointer,  a 
notch  in  the  supporting  lead,  or  a  small  notch  in  the  ribbon  itself. 
The  w^re  filament  of  the  lamp  T-30-C  was  in  the  form  of  a  hairpin 
loop  with  a  rather  sharp  bend.  The  temperature  of  this  filament 
was  measured  at  the  center  of  the  loop. 

Different  practices  have  been  followed  at  the  different  labora- 
tories in  establishing  high- temperature  scales.  The  Bureau  of 
Standards  bases  its  high-temperature  scale  on  the  melting-point 
of  gold  (1336°  K)  and  extrapolation  by  means  of  Wien's^  equation 
using  for  c^  14350  /z  deg.-  At  the  National  Physical  Laboratory 
the  high- temperature  scale  is  based  on  the  melting-point  of  palla- 
dium taken  as  1828°  K  and  extrapolation  made  by  Wien's  equation 
using  14350  jj.  deg.  for  c^.  At  the  physical  laboratory  of  the  Uni- 
versity of  Wisconsin  high-temperature  measurement  is  based  upon 

'  Wien's  equation  has  been  used  here  rather  than  Planck's  because  of  greater  con- 
venience in  computation.  Both  laws  give  practically  the  same  energy  distribution 
in  the  visible  spectrum  for  temperatures  below  3000°  K. 

^  Since  this  intercomparison  was  made  the  Bureau  of  Standards  have  decided  to 
use  14330  IX  deg.  for  Cz. 
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the  melting-point  of  palladium  taken  as  1822°  K.  The  scaleis 
extrapolated  by  Wien's  equation  with  C2  as  14350  /x  deg.  At  le 
Research  Laboratory  at  Schenectady  the  high-temperature  scalds 


I  2  3 

Fig.  I. — Picture  of  one  of  each  of  the  different  types  of  lamps  used  in  the  iiiT- 
comparison.  Numbers  i  and  3  have  ribbon  filaments;  number  2  has  a  20-mil.  (0.5  En) 
diameter  wire  filament. 

TABLE  I 

Description  of  the  Lamps  Used  in  the  Intercomparison 

Lamp  No.  Kind  of  Filament 

T-25-C Horizontal  ribbon,  2^  mm  wide,  gas-filled 

T-16-B Vertical  ribbon,  2^  mm  wide,  vacuum 

T-30-C Wire,  20  mil.  (0.5  mm)  diameter — ^gas-filled 

T-17-C Horizontal  ribbon,  3  mm  wide,  gas-filled 

T-18-B Vertical  ribbon,  2^  mm  wide,  vacuum 

T-77-B Same  as  T-16-B 

T-78-C Same  as  T-30-C 

based  on  the  melting-point  of  gold  (1336°  K)  and  the  scale  extip- 
olated  by  Wien's  equation  with  C2  as  14350 11  deg.  At  Ma 
Research  Laboratory  the  high- temperature  scale  is  based  upon  le 
melting-point  of  gold  (1336°  K)  and  the  scale  extrapolated  by  Wio's 
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equation  with  C2  taken  as  14350  ix  deg.  For  convenience  in  calibra- 
tion of  optical  pyrometers  the  melting-point  of  palladium  is  used 
as  the  point  of  reference.  Using  the  best  Heraeus  palladium  obtain- 
able, the  value  of  this  point  in  terms  of  the  scale  employed  has  been 
found  to  be  1828°  K. 

For  a  strict  intercomparison  of  the  results  obtained  in  the  differ- 
ent laboratories  certain  factors  must  be  taken  into  account  to 
reduce  all  measurements  to  the  same  basis.  The  common  basis 
assumed  for  this  purpose  is  the  one  adopted  by  the  General  Electric 
Company  for  use  in  its  laboratories.  This  temperature  scale  is 
based  upon  the  assumption  of  Wien's  equation  with  C2  taken  as 
14350  /i  deg.  and  upon  the  melting-point  of  gold  taken  as  1336°  K, 
i.e  ,  degrees  Centigrade +  273  degrees.  On  this  scale  the  melt- 
ing-point of  palladium  is  1828°  K.  For  convenience  in  calibration 
of  optical  pyrometers,  a  black  body  held  at  the  melting-point  of 
palladium  is  used  as  a  point  of  reference. 

As  it  was  found  that  the  red  glasses  used  as  monochromatic 
screens  in  the  various  laboratories  did  not  have  the  same  spectral 
transmission,  the  brightness  temperatures  obtained  were  not  all 
to  be  ascribed  to  the  same  wave-length.  If  the  brightness  tempera- 
ture of  a  particular  source  is  measured  with  an  optical  pyrometer 
using  a  colored  glass  having  a  wide  transmission  band  as  a  mono- 
chromatic screen,  there  has  been  some  question  as  to  just  what 
wave-length  this  brightness  temperature  is  to  be  ascribed.  The 
"effective  wave-length"  of  a  monochromatic  screen  has  been 
defined^  as  the  wave-length  such  that  for  any  definite  temperature 
interval  for  a  black  body  the  ratio  of  the  radiation  intensities  for 
this  wave-length  shall  equal  the  ratio  of  the  integral  luminosities 
through  the  screen  used. 

The  color  temperature  of  a  particular  source  has  been  defined 
as  the  temperature  of  a  black  body  which  has  the  same  distribution 
of  energy  in  the  visible  spectrum  as  the  source  under  consideration. 
It  has  been  found  experimentally  that  most  metals  when  heated 
radiate  in  such  a  manner  that  they  can  be  color  matched  against 
a  black  body.  These  color  matches  are  very  easily  and  accurately 
made  with  an  ordinary  contrast  photometer.     It  is  to  be  noted 

•  Astrophysical  Journal,  42,  295,  1915. 
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that,  when  two  bodies  have  the  same  color  temperature,  it  is  not 
necessary  that  they  shall  have  the  same  brightness  for  any  particular 
wave-length  interval. 

From  a  consideration  of  the  effective  wave-length  and  the  color 
temperature,  it  has  been  shown'  that  the  brightness  temperature, 
obtained  with  a  colored  glass  having  a  wide  transmission  band  as  the 
monochromatic  screen,  is  to  be  ascribed  to  the  effective  wave- 
length of  the  monochromatic  screen  for  the  temperature  interval 
between  the  brightness  temperature  obtained  and  the  correspond- 
ing color  temperature  of  the  source  being  studied. 

First,  the  reduction  due  to  a  difference  in  the  standard  tempera- 
ture will  be  considered.  If  a  temperature  T^  is  obtained  by  extrap- 
olation by  means  of  Wien's  equation  from  a  standard  temperature 
Ti  the  following  is  the  relation  between  the  value  of  T2  and  another 
7^2  obtained  from  another  T[  of  the  standard  temperature: 

i/2\-i/T,=  i/n-i/T[  (i) 

The  second  reduction  is  made  necessary  by  the  use  of  a  different 
value  of  the  constant  C2.  If  different  values  of  C2  are  used  in  extrap- 
olating temperatures  from  a  standard  temperature  Ti  by  means  of 
Wien's  equation  the  following  is  the  relation  between  the  two  c^'s 
and  the  resulting  temperature: 

Ui/T^-i/T2)=c'Ai/T,-i/T'2)  (2) 

The  third  reduction  was  to  bring  the  various  brightness  tempera- 
tures reported  to  the  same  wave-length.  From  the  conditions  that 
hold  at  color  match  and  Wien's  equation  the  following  relation  can 
be  shown  to  hold  between  two  brightness  temperatures  (5i  and  ^2) 
and  the  wave-length  (Xi  and  X2)  to  which  they  correspond: 

i/S2  =  \JUi/S-i/Tc)+i/T,  ■  (3)  ■ 

where  Tc  is  the  color  temperature  corresponding  to  the  brightness 
temperature  5. 

By  means  of  the  three  relations  just  given  the  different  tempera- 
tures reported  have  all  been  reduced  to  a  common  basis  and  are 
given  in  Table  II.     From  the  values  given  it  can  be  seen  that  the 

^General  Electric  Review,  120,  752,  1917;   Trafts.  Faraday  Soc,  15,  21,  1920. 
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agreement  is  very  good.  The  variation  in  the  brightness  tempera- 
tures of  lamp  T-25-C  between  the  two  measurements  in  this  Labo- 
ratory is  2°,  which  is  the  same  as  the  maximum  difference  between 

TABLE  II 

Results  of  Intercomp.\rison  of  Temperature  Scales 
C2  =  14350 /i  deg.:  \=o. 665/1:  melting-point  of  Au=  1330°  K  (pd.  =  1828°  K). 


Lamp 

Current 

X.R.L. 
Oct.  1916 

G.E.  Lab. 
Schenectady 

N.R.L. 
Nov.  1916 

Bureau  of 

Standards 

N.R.L. 

April  191 7 

[10.9 
\  14.6 
[18.0 

f  5-3 
6.8 
8.6 

[11.8 

[15-3 
■^21.0 

127-5 

1826°  K 

2214 

2518 

1828°  K 

2214 

2518 

1826°  K 

2215 

2516 

1429 
1617 
1811 
2122 

1813 
2304 

2752 

T-25-C 

1431°  K 
1619 
1813 
2122 

1814 
2302 
2762 

1427°  K 
1614 
1812 
2121 

1813 

2303 
2752 

T-16-B 

T-30-C 

1618 
1816 
2128 

1813 

1613 
1811 
2116 

1813 
2307 
2752 

2756 

Lamp 

Current 

N.R.L. 
March  1916 

University  of 

Wisconsin 

C.E.M. 

University  of 

Wisconsin 

G.RG. 

N.R.L. 

July  191 7 

["ii.o 
•j  14.6 
[18.0 

r  6.7 

]   8.8 
[12.0 

1810 
2193 
2499 

1599 
1806 
2105 

1813 
2197 
2506 

1602 
1816 
2119 

1816 
2202 
2516 

1605 
1819 
2123 

1810 

T-17-C 

2196 
2497 

1597 
1807 
2107 

T-18-B 

Lamp 

Current 

N.R.L. 

April  1920 

N.P.L. 

April  1922 

N.R.L. 

June  1922 

Bureau  of 
Standards 
Jan.  1923 

N.R.L. 
Jan.  1923 

T-77-B 

T-78-C 

f  5-2 
6.7 
8.5 

[11. 7 

fi5-4 
J20.4 
[27-4 

1410°  K 

1599 
1796 
2106 

1825 
2262 
2746 

1403 
1596 
1794 
2106 

1825 
2265 
2757 

1406 
1595 
1794 
2104 

1826 
2266 
2753 

1401 
1596 
1792 
2105 

1824 
2265 
2755 

1401 

1591 
1791 
2104 

1828 
2269 
2755 

the  values  of  this  Laboratory  and  the  Research  Laboratory  at 
Schenectady.  The  agreement  for  T-16-B  is  about  the  same  between 
the  first  two  measurements  in  this  Laboratory  and  bet\veen  this 
Laboratory  and  Schenectady.     The  lamp  apparently  held   much 
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more  constant  during  its  trip  to  the  Bureau  of  Standards,  and  here 
the  agreement  is  even  better.  The  results  given  by  T-30-C  are  all 
that  can  reasonably  be  expected  in  the  circumstances.  The  agree- 
ment of  the  results  shown  in  the  second  part  of  the  table  on  the  two 
lamps  sent  to  the  University  of  Wisconsin  is  not  so  good  as  that  of 
the  results  obtained  by  the  other  two  laboratories.  The  lamps 
held  very  constant,  as  shown  by  the  two  measurements  made  in 
Nela  Research  Laboratory. 

Three  lamps  were  sent  to  the  National  Physical  Laboratory,  but 
unfortunately  one  of  them  was  broken  in  transit.  After  the 
remaining  two  lamps  had  been  measured  again  in  the  Nela  Research 
Laboratory  the  Bureau  of  Standards  made  a  measurement  on  the 
temperature  of  these  lamps.  The  results  of  this  part  of  the  inter- 
comparison  are  given  in  the  third  part  of  Table  II.''  The  lamps 
were  burned  many  hours  at  the  National  Physical  Laboratory,  and 
the  measurements  reported  were  obtained  just  before  the  lamps 
were  returned.  For  this  reason  but  little  weight  is  to  be  given  to 
the  earlier  values  obtained  in  this  laboratory. 

From  the  data  given  in  the  table  it  appears  that  the  character- 
istics of  both  lamps  were  slowly  changing.  However,  the  agree- 
ment is  a  very  satisfactory  one. 

It  is  gratifying  to  know  that  the  high-temperature  scales  in 
use  in  different  laboratories  in  this  country  show  so  small  a  diver- 
gence and  that  this  scale  and  the  one  used  at  the  National  Physical 
Laboratory  of  Great  Britain  are  in  such  close  agreement  over  the 
important  range  between  1400°  K  to  2750°  K. 

It  is  expected  that  this  intercomparison  will  be  carried  farther 
and  results  obtained  from  more  of  the  industrial  laboratories  of 
this  country  and  elsewhere. 

Nela  Research  Laboratory 

National  Lamp  Works 

Cleveland,  Ohio 

August  1923 

•  Report  of  the  National  Physical  Laboratory,  p.  54,  1922. 


NOTE  ON  THE  FORMULATION  OF  ABSORPTION 
BANDS  IN  THE  NEAR  INFRA-RED 

By  W.  F.  COLBY 

ABSTRACT 

The  two  well-known  absorption  bands  of  HCl  have  been  reformulated  with  half- 
parameter  numbers.  From  these  formulae  the  combination  band  corresponding  to  a 
vibrational  quantum  change  1^-2  is  calciJated  and  found  to  be  in  agreement  with 
the  faint  absorption  band  recently  observed. 

In  a  recent  number  of  this  Journal^  the  writer  was  joint  author 
in  a  report  on  a  new  faint  absorption  band  of  hydrogen  chloride 
which  lies  in  the  same  region  as  the  well-known  fundamental  band 
with  center  at  3.4  ju.  The  new  band  appeared  only  when  the 
absorbing  gas  was  heated  to  300°  C.  It  had  all  the  characteristics 
of  the  band  predicted  by  Kratzer^  as  due  to  a  vibrational  quantum 
spring  from  i  to  2,  although  displaced  with  respect  to  his  calculated 
band  by  an  almost  constant  amount  of  about  80  units.  None  of 
the  observational  data  which  entered  into  the  computation  could 
have  accounted  for  so  large  a  discrepancy.  Thanks  to  a  suggestion 
of  Dr.  Pauli,  the  formulae  for  the  strong  absorption  bands  of  hydro- 
gen chloride  are  here  restated  with  half  parameter  numbers  and, 
with  the  help  of  the  new  molecular  constants  thus  obtained,  a  much 
more  satisfactory  expression  for  the  weak  band  results.  Kratzer^ 
has  pointed  out  in  recent  papers  how  advantageous  the  half  param- 
eter numbers  are  in  accounting  for  the  fine  structure  and  other 
line  characteristics  in  the  visible  bands  and  in  explaining  the  missing 
center  in  the  near  infra-red  bands.  Kramers  and  Pauli'*  have  like- 
wise used  them  successfully  in  a  discussion  of  the  infra-red  bands. 
More  recently  Curtis^  has  used  half  numbers  in  stating  the  hehum- 
band  spectrum,  and  again  Kiuti^  in  the  band  spectrum  of  hydrogen. 

'  Colby,  Meyer,  and  Bronk,  Astrophysical  Journal,  57,  7,  1923. 
^  A.  Kratzer,  ZeUschrift  fiir  Pliysik,  3,  289,  1920. 
3  A.  Kratzer,  Annalen  der  Physik,  71,  72,  1923. 

"H.  A.  Kramers,  ZeUschrift  ftir  Physik,  13,  343,  1923.  Kramers  and  Pauli, 
ibid.,  13,  351,  1923. 

5  W.  E.  Curtis,  Proceedings  of  the  Royal  Society,  103,  315,  1923. 

''  Masazo  Kiuti,  Proceedings  oj  Phys.-Math.  Society  of  Japan,  3d  Series,  5,  No.  2. 
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Aside  from  providing  a  more  satisfactory  explanation  of  the 
missing  center,  this  restatement  of  the  formula  for  the  fundamental 
absorption  band  of  HCl  yields  nothing  new  nor  decisive.  The 
original  formula  given  for  this  band  was  of  the  form 

A  transformation  m  =  «+|  yields  a  similar  formula  in  n.  When, 
however,  one  considers  the  relation  of  several  bands  through  the 
combination  principle,  the  choice  of  parameter  numbers  becomes 
very  important. 

With  the  notation  of  Kratzer,  the  energy  term  for  these  bands 
may  be  written.     - 

or  with  half  parameter  numbers 

W':=Wl+hB„{m+\Y-h^„{m  +  \Y. 

The  parameter  number  m  in  former  paper  corresponds  here  to 
a  change  in  rotation  from 

m  —  \  to  m-\-\  and  in  vibration  from  «  =  Wi  to  n  =  n2 . 
We  have  then  for  the  frequency 

or  in  powers  of  m  and  neglecting  terms  with  (i3„,— /3„,) 

4 
Comparing  this  notation  with  that  used  by  us  in  previous  papers. 


8x^/0  "'  ^       SttHo 

For  the  fundamental  band 

fli  =  O,  II2  =  I 

and 
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The  four  constants  here  involved  may  be  determined  from  the 
empirical  equation  for  this  band,  viz., 

I' =  28860. 7+205.983  m  — 3.01023  m^—  .0205658  m^ 

giving 

j'o,  =  2886i.45 
.  Bi=     101.489 
Bo=     104.499 
^=  .00514 

For  the  band  at  1.7  ju, 

Wi  =  0,  ^2  =  2, 


and 


'=  U2-{-^^~^)  +  {B,+B.-P)m-{-(B,-BoW-4^m^ . 


This  band  has  been  measured  by  Imes'  but  not  with  the  same 
precision  as  the  fundamental  band,  partly  because  it  is  so  faint 
and  partly  because  the  wave-length  determinations  are  compli- 
cated by  the  partial  resolution  of  each  line  into  two  components  due 
to  the  chlorine  isotopes.  The  new  constants  B.  and  Voz  were  never- 
theless determined  from  these  measurements.  This  was  done  most 
conveniently  by  adding  wave  numbers  corresponding  to  ?n  and  —  m. 
jS  is  thus  eHminated  and  one  obtains  by  least  squares 

1/02  =  56671.2 
B2=       98.618    . 

The  weak  band  corresponds  to  a  vibration  change  from  i  to  2 
and  the  formula  reads 

^,  =  ^^^j^?lZ^-\-{B,-\-B,-^)m-\-(B,-B,)m'-4^m^ . 
4 

This  contains  only  constants  obtained  from  the  other  bands  and 
may  be  written  numerically 

1^  =  27809. 1  +  200. 102  OT  — 2.871  m'—  .02056  m^. 
'  E.  S.  Imes,  Astrophysical  Journal,  50,  251,  1919. 
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The  following  table  shows  computed  and'observed  values. 


m 

comp 

obs 

Diff. 

-   9 

25790.6 

25797 

6.4 

—  lO 

25541.5 

25547 

5-5 

—  II 

25287.9 

25288 

0. 1 

—  12 

25030.0 

25021 

-9.0 

-13 

24767.7 

24760 

-7.7 

The  precision  of  measurement  of  the  faint  band  is  by  no  means 
so  great  as  in  the  case  of  the  other  bands  and  the  probable  error 
may  in  the  weakest  lines  be  nearly  as  great  as  the  deviations  here 
indicated.  In  addition  to  this,  however,  comes  the  uncertainty 
in  the  two  constants  determined  from  the  band  at  1.7  m,  which 
may  account  for  the  apparently  systematic  error. 

In  addition  to  the  above  computation  we  have  another  test  in 
the  determination  of  the  constant  u  which  was  used  in  our  former 
paper  and  which  now  enters  in  the  new  constant 

/3='    ^"'' 


A  direct  computation  of  this  constant  from  the  constants  of  the 

fundamental  yields 

2^  =  0.00701. 

If,  however,  one  makes  use  of  a  relation,  developed  by  Kratzer  in 
his  earlier  paper,  which  involves  also  the  band  at  1.7  /z,  viz., 


w° 

AWt 

h 

h 

h 

27r^/o 

u 

u 

=  0.007 

■II, 

one  obtains 


here,  again,  an  agreement  within  the  errors  of  observation. 

On  the  whole  one  may  feel  that  this  is  satisfactory  evidence  of 
the  necessity  for  introducing  half  parameter  numbers  into  the 
formulation  of  these  bands.  Such  evidence  has  been  made  avail- 
able by  the  measurement  of  this  faint  band  which  allows  so  straight- 
forward an  application  of  the  combination  principle. 

Physics  Laboratory 
University  of  Michigan 


ON  THE  COSMIC  ORIGIN  OF  THE  RADIOACTIVE 
SUBSTANCES  IN  THE  ATMOSPHERE 

By  HERJMANN  BONGARDS 

ABSTRACT 

The  decomposition  products  of  radium,  actinium,,  and  thorium  in  the  atmosphere. — 
The  presence  of  the  emanations  of  the  radioactive  elements  in  the  earth's  atmosphere 
has  been  attributed  hitherto  to  the  exhalations  of  the  soil  and  the  rocks.  There  have 
been  very  few  careful  measurements  for  the  free  upper  atmosphere,  but  it  was  known 
that  the  disintegration  products  from  the  soil  were  sufficient  to  account  for  the  ioniza- 
tion observed  near  the  ground. 

Comparison  of  observations  made  at  different  places. — Observations  made  b}'  the 
author  in  1913  at  Lindenberg,  by  means  of  steel  wires  from  5  to  15  meters  in  length, 
carried  to  altitudes  of  4000  meters  by  kites,  showed  an  unmistakable  dependence  of 
the  quantity  of  emanation  present  upon  the  barometer  at  the  surface  and  the  tem- 
perature of  the  air  strata  measured.  A  period  of  twentj'-seven  or  twenty-eight  days 
in  the  variations  observed  suggested  the  sun  as  the  source,  since  this  is  approximately 
the  period  of  rotation  of  the  sun.  This  suggestion  was  corroborated  by  a  stud}'  of 
the  calcium  clouds  shown  by  spectroheliograms  taken  between  September  25  and 
October  12,  1913.  Obser\-ations  made  at  Manila,  Philippine  Islands,  during  the  same 
period  of  time,  by  I.  R.  Wright  and  O.  F.  Smith,  show  that  the  fluctuations  at  the  two 
places  were  the  same.  The  author  concludes  therefore  that  the  sun  is  the  source  of  the 
emanations,  and  not  the  soU  as  hitherto  believed. 

The  dissemination  of  the  decomposition  products  of  the  emana- 
tions of  radium,  actinium,  and  thorium  in  the  atmosphere  was  first 
established  by  J.  Elster  and  H.  Geitel.'  As  a  consequence  of  this 
discovery,  variations  are  observed  in  the  emanation  content  of 
the  atmosphere  in  many  parts  of  the  earth.  The  especially  large 
quantities  of  emanation  in  the  air  in  the  upper  layers  of  the  earth's 
surface,  and  also  in  caves  and  cellars,  suggest  that  their  origin 
should  be  sought  in  the  soil.  The  variations  of  the  emanation 
content  in  the  atmosphere  were  explained  by  the  change  of  exhala- 
tion from  the  soil;  and  the  connection  that  had  already  been 
established  between  the  emanation  content  and  such  meteorological 
phenomena  as  insolation,  precipitation,  and  variations  of  air 
pressure  leads  one  back  to  the  influence  which  these  phenomena 
would  exert  on  the  exhalation  from  the  ground.  The  observed 
fact  that  the  soil  and  stones  themselves  are  radioactive  appears  to 
support  this  hypothesis.     But  it  seems  that,  in  such  investigations 

^  Physikalische  Zeitschrift,  2,  590,  1901;   3,  305,  1902;   4,  96,  522,  1903. 
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of  the  soil  and  its  stony  contents,  methods  of  measurement  are  not 
ahvays  used  which  exclude  the  absorption  of  atmospheric  emanation 
before  and  during  the  process  of  the  experiment.  Only  isolated 
observations  of  the  emanation  content  of  the  atmosphere  at  high 
altitudes  are  available  at  present,  and  often  these  are  contradictory. 

Starting  with  the  hypothesis  that  the  emanation  comes  from 
the  earth,  investigations  upon  mountain  peaks  would  not  be  suitable 
for  drawing  conclusions  as  to  the  emanation  content  of  the  free 
atmosphere.  Measurements  in  flying  bodies  would  offer  the  only 
mode  of  attack.  Such  measurements  have  been  undertaken  by 
H.  Brandes^  in  kites,  and  by  H.  Fleming^  in  balloons.  But  the 
methods  that  they  used  are  not  suitable  for  yielding  quantitative 
results.  Consequently,  today  we  do  not  have  any  estimate  of  the 
quantity  of  emanation  that  is  mixed  with  the  free  air  at  high 
altitudes. 

This  question  is,  furthermore,  of  the  greatest  significance  in 
the  explanation  of  the  ionized  state  of  the  atmosphere,  and  of  the 
theory  of  atmospheric  electricity.  The  fact  that  the  quantities 
of  radium  and  its  products  of  disintegration  contained  in  the  earth's 
atmosphere  are  sufficient  to  produce  the  total  ionization  observed 
near  the  ground  follows  from  the  ionization  balance,  described  by 
E.  von  Schweidler  and  K.  W.  F.  Kohlrausch.^ 

In  1913,  during  the  period  from  July  29  to  December  2,  in  Linden- 
berg  (lat.,  52°  12 '5;  long.,  14°  7^5  west),  the  author  attempted  to 
observe  the  variations  with  the  time  in  the  radioactive  content  of 
the  free  atmosphere.  Steel  wires  from  5  to  15  meters  in  length 
were  carried  up  by  kites  to  heights  of  4000  meters.  Since  they  were 
grounded  and  accordingly  charged  negatively  with  respect  to  the 
surrounding  air,  under  the  influence  of  the  earth's  field,  they  received 
a  deposit  of  positively  charged  disintegration  products  of  emanation. 
The  strength  of  this  deposit  was  measured,  after  landing,  in  the 
ionization  chamber  of  an  electrometer.  A  description  of  the  method 
and  a  preliminary  statement  of  the  results  were  published  soon  after 
the  completion  of  the  measurements. "*     The  final   compilation   of 

'  Dissertation,  Kiel,  1905.  ^  Physikalische  Zeitschrijl,  9,  801,  1908. 

3  L.  Graetz,  Hatidbuch  d.  Eledr.  mid  d.  Magn.,  Leipzig,  3,  234,  1915. 
^  Die  Arbeiten  d.  Kgl.  Preiiss.  Aeron.  Obs.  Lindenberg,  9,  414,  1913. 
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the  results  followed  after  the  close  of  the  war,  and  was  published 
with  a  detailed  exposition  of  the  methods  of  calculation.^  A  graphi- 
cal summary  of  all  the  single  observations  (ninety-eight  in  number) 
was  also  given,  and  showed  an  unmistakable  dependence  of  the 
emanation  content  upon  the  change  of  air  pressure  at  the  ground  and 
the  potential  temperature  of  the  stratum  of  air  measured.  At 
that  time,  valid  arguments  were  made  against  the  prevalent 
conception  that  the  relation,  so  frequently  observed,  between  air 
pressure  and  variations  of  amount  of  emanation,  could  be  traced 
back  to  an  exhalation  from  the  ground  modified  by  pressure 
changes. 

The  relation  of  the  emanation  content  to  temperature  (which  is  a 
little  less  evident  in  the  lower  layers  of  the  atmosphere)  might  give 
rise  to  the  question  as  to  whether  the  heat  liberated  in  the  dis- 
integration of  the  radioactive  substances  entered  into  the  phenom- 
enon, and,  therefore,  directly  acted  upon  the  air  pressure.  A 
rough  calculation  having  shown  that  such  an  effect  was  not  probable, 
it  will  be  assumed  that  a  corpuscular  radiation  penetrating  into  the 
atmosphere  brings  in  atoms  of  emanation,  on  the  one  hand,  and 
also  energy  absorbed  by  the  air  in  the  form  of  heat,  on  the  other 
hand.  A  clearly  perceptible  periodicity,  at  times,  of  a  period  of 
from  twenty-seven  to  twenty-eight  days,  suggested  the  sun  as  a 
possible  source  of  this  radiation,  since  this  was  approximately  the 
period  of  rotation  of  the  sun.  A  further  support  of  this  hypothesis 
comes  from  a  parallel  consideration^  of  these  results  and  a  series 
of  photographic  exposures  on  the  sun  in  the  light  of  a  calcium  line, 
which  were  kindly  put  at  our  disposal  by  the  Mount  Wilson  Observa- 
tory of  the  Carnegie  Institution  and  the  Yerkes  Observatory  of 
the  University  of  Chicago.  In  the  period  from  September  25  to 
October  2,  19 13,  an  obvious  relation  was  observed  between  the 
movement  of  the  calcium  clouds  over  the  disk  of  the  sun  and  the 
quantity  of  radioactive  disintegration  products  in  the  earth's 
atmosphere.  In  order  to  obtain  a  further  proof  of  this  relation, 
measurement  of  the  emanation  content  by  a  flying  machine,  with 
simultaneous  spectroheHographic  exposures,  was  proposed. 

^  Physikdische  Zeilschrijt,  21,  141,  iq2o. 

'  H.  Bongards,  Physikalische  Zeitschrift,  24,  16,  1923. 
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While  attempting  to  carry  out  this  plan  in  spite  of  the  unfavor- 
able economic  situation,  the  author  discovered  a  paper  by  I.  R. 
Wright  and  O.  F.  Smith/  which  previously  had  not  been  accessible 
to  him  because  it  appeared  during  the  war.  These  observers  carried 
out  measurements  upon  the  emanation  content  of  the  atmosphere 
from^  July,  1913,  to  July,  1914,  at  Manila,  Philippine  Islands. 
Their  method  consisted  in  separating  the  emanation  from  the  air 
by  cocoanut  charcoal,  and  gave  quantitative  results,  instead  of 
relative  results  such  as  were  obtained  by  the  wire  method  used  in 
Lindenberg.  During  the  common  period  of  observation,  of  about 
four  months,  the  observations  in  Manila  are  not  so  numerous  as 
those  in  Lindenberg,  .  The  observations  in  Manila  took  place  on 
thirteen  different  days  during  this  period.  On  nine  of  these  dates, 
observations  were  also  made  in  Lindenberg.  In  three  other  cases, 
the  observations  in  Lindenberg  occurred  on  the  day  succeeding  those 
in  Manila.  The  measurements  in  Manila  gave  average  values 
over  a  period  of  twenty  hours,  the  air  current  being  drawn  through 
the  charcoal  from  i  p.m.  of  one  day  to  9  a.m.  of  the  succeeding  day. 
In  Lindenberg,  an  observation  lasted  only  two  hours.  Accordingly, 
a  comparison. of  the  two  sets  of  observations  would  be  more  reliable 
if,  for  Lindenberg,  the  average  of  the  readings  on  two  successive 
days  were  taken.  Such  averages  were  made  in  the  eight  cases  in 
which  there  were  values  for  comparison.  In  three  other  cases, 
only  the  values  on  the  succeeding  day  were  used.  Up  to  the  end 
of  September  8,  which  fell  on  a  gap  in  the  Lindenberg  measurements, 
there  were  comparison  observations  in  Lindenberg  for  all  of  those 
in  Manila.  These  observations  are  given  in  Table  I,  and  are  repre- 
sented graphically  in  Figure  i.  The  times,  in  the  units  indicated, 
are  plotted  as  abscissae,  and  as  ordinates  the  relative  or  absolute 
values  of  the  emanation  content.  It  is  seen  that  the  curves  change 
together.  This  is  all  the  more  extraordinary  and  convincing  since 
it  has  to  do  with  a  comparison  of  results  of  two  entirely  different 
modes  of  observation.  That  the  agreement  is  accidental  appears 
to  be  excluded,  for  the  number  of  twelve  observations  distributed 
arbitrarily  over  a  space  of  time  of  more  than  three  months  is  too 
great.     Furthermore,  the  position  of  the  two  places  on  opposite  sides 

'  Physical  Review,  (2)  5,  459,  1915. 


RADIOACTIVE  SUBSTANCES  IN  ATMOSPHERE 


311 


of  the  earth,  and  under  wholly  different  climatic  conditions,  with 
a  difference  in  latitude  of  37,°  does  not  allow  the  conclusion  that 
simultaneous  meteorological  conditions  could  have  produced  these 
simultaneous  results. 


TABLE  I 


Date 

Manila 

LiNDENBERG 

1913 

CrXio"  Radio- 
active Equiv- 
alent per 
Cu.  Meter 
(Curie  Xio") 

Saturation  Current  in  Static  Units  Xio'  per 
Sq.  Cm  of  the  Surface  of  the  Active  Wire 

Mean 

Single  Obs. 

Sum 

Mean 

July    28 

29 

145 

0.66 

0.66 
1. 911 

I -451 

10.65  I 

6.96/ 

I -sol 
2.08/    ■ 
13.00 

Aug.     4 

t 

23.6 

3-36 

17.61 

3.58 

1.68 

18 

10 

39-5 

8.80 

25 

26   

19.6 

1.79 

Sept.    I 

2 

49-7 

13.00 

8 

17-3 

Q 

22 

53-4 

2'i 

6.07 
15 -241 

22.30/ 

1-831 

4.04/ 
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Therefore,  it  appears  to  be  absolutely  necessary  to  abandon  the 
h>^othesis  that  the  variation  of  the  emanation  content  of  the 
atmosphere  can  be  ascribed  to  changes  of  the  exhalation  from  the 
soil.  Accordingly,  we  must  also  give  up  the  hypothesis  that  most 
of  the  emanation  in  the  atmosphere  comes  from  the  earth's  surface. 
Inasmuch  as  the  source  of  emanation  cannot  be  wholly  in  the 
atmosphere  itself,  we  cannot  avoid  the  assumption  of  a  cosmic 
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origin  for  it.  The  sun  would  naturally  be  considered  as  the  most 
probable  source,  and  it  would  be  assumed  that  corpuscular  radiations 
are  emitted  from  the  sun  which  are  carriers  of  emanation  atoms. 
Since  these  atoms  presumably  possess  positive  charges,  we  accord- 
ingly have  the  foundations  of  a  theory  for  the  vertical  current 
froin  the  air  to  the  ground,  the  drop  of  potential  through  the 
atmosphere,  and  the  ionization  of  the  atmosphere. 


X 


lo     20    30 
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10     20     30 
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10     20     30 
November 


1913  July 

Fig.  I. — Lower  curve,  Manila;   upper  curve,  Lindenberg 


A  further  proof  of  this  hypothesis  would  offer  no  insuperable 
difficulties.  It  would  only  be  necessary  to  carry  out  simultaneous 
measurements  of  the  emanation  content  near  the  ground  and  in  the 
free  atmosphere  at  numerous  places  suitably  chosen.  In  addition, 
spectroheliograms  of  the  sun  should  be  made.  The  compilation 
of  the  information  thus  obtained  would  be  sufficient  to  complete 
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the  chain  of  proof  for  the  solar  origin  of  the  emanation  in  the  air. 
The  significance  of  this  knowledge  in  its  bearing  upon  atmospheric 
electricity,  terrestrial  magnetism,  meteorological  and  astrophysical 
problems  is  so  great  as  to  make  the  necessary  expense  of  securing  it 
appear  small. 

Hambtxrg-Grossborstel 
June  1923 


ON  THE  DOUBLE  STAR  9  ARGUS.    A  CORRECTION 

In  Vol.  58,  October  1923,  page  144,  for  y—j  read  \^-~J 

where  Aw  =  Wi  — w^  and  m^>m2,  m2  here  designating  the  mass  of 
the  smaller  star,  which  was  called  m  in  the  original  paper. 

The  term  due  to  Aw  is  small  only  when  the  mass  ratio  is  close 
to  one.  In  the  case  of  9  Argus,  this  term  equals  —0.2  and  the 
mass  ratio,  7112/ Mi,  is  therefore  not  0.6  but  0.4  (page  145). 

Otto  Struve 


ERRATUM 

Vol.  58,  July,  1923,  in  the  article  on  Edward  E.  Barnard  by 
Edwin  B .  Frost : 

Page  31,  third  line,  for  Padang  Padang  read  Solok. 


Reviews 

Newcpmb-Engelmann's  Populdre  Astronomie,  Sechste  Auflage. 
Edited  by  H.  Ludendorff,  with  the  collaboration  of  G. 
Eberhard,  E.  Freundlich,  and  A.  Kohlschutter.  Leipzig: 
Wilhelm  Engelmann,  1921.  Large  Octavo,  24X18  cm. 
Pp.  xii+889.     Figs.  240. 

We  welcome  this  new  addition  of  what  we  regard  as  the  best  general 
descriptive  work  on  astronomy.  It  is  based  on  Professor  Simon  New- 
comb's  classical  Popular  Astronomy  which  appeared  in  1878  and  of  which, 
unfortunately,  no  revision  has  been  made  since  1882.  The  masterly 
presentation  by  Newcomb  made  a  fine  impression  throughout  the  world, 
and  the  German  translation  was  undertaken  by  Rudolph  Engelmann, 
previously  an  astronomer  at  the  Leipzig  Observatory.  It  was  published 
in  1 881.  Eleven  years  later  a  second  edition  was  prepared  by  Engel- 
mann's  friend,  H.  C.  Vogel,  then  director  of  the  Potsdam  Observatory, 
who  included  in  the  work  the  important  progress  made  in  astrophysics 
in  the  interim.  In  1905  the  third  edition  appeared,  also  edited  by  Vogel. 
The  fourth  edition  (191 1)  was  edited  by  Paul  Kempf,  with  the  assistance 
of  G.  Eberhard,  H.  Ludendorff,  and  K.  Schwarzschild.  This  edition 
was  exhausted  in  a  space  of  three  years,  and  the  fifth  appeared  in  1914, 
also  under  the  editorship  of  Kempf.  In  its  various  editions  the  work 
has  thus  had  the  benefit  of  the  careful  scrutiny  of  the  above  array  of 
able  astronomers  at  the  Potsdam  Observatory  who  have  in  each  edition 
brought  the  book  thoroughly  up  to  date.  In  spite  of  the  many  additions 
made  necessary  by  the  progress  of  the  science,  the  editors  have  endeavored 
to  prevent  the  volume  from  reaching  undue  size.  Thus  the  fifth  edition 
exceeded  the  third  by  88  pages;  and  the  present  volume  is  only  53  pages 
larger  than  its  predecessor,  the  fifth  edition.  This  has  involved  great 
discrimination  in  adding  new  material  and  leaving  out  that  which  is 
obsolete.  In  spite  of  the  number  of  times  the  book  has  been  worked 
over,  the  editors  have  lived  up  to  their  intention  of  retaining,  just  as 
far  as  they  are  valid  today,  the  original  statements  of  the  American 
author,  and  a  person  who  is  sufficiently  acquainted  with  the  English 
language  can  read  Newcomb 's  words  in  many  places  in  this  edition. 

The  tables  are  inserted  in  the  text  at  the  places  where  the  particular 
subject  is  being  described,  and,  while  not  exhaustive,  represent  ade- 
quately our  present  knowledge.  Thus,  on  page  599  we  find  a  table  of 
radial  velocities  of  206  stars  of  third  magnitude  and  brighter;    and  on 
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page  203  the  parallaxes  of  57  of  the  nearest  stars,  with  their  distances 
in  light  years  and  their  magnitudes.  Among  other  useful  tables  we  may 
name  the  list  of  42  stars  of  second  magnitude  and  brighter,  and  those 
giving  the  computed  orbits  of  56  binary  stars  having  periods  of  less  than 
120  years,  the  orbits  of  67  spectroscopic  binaries,  and  the  mass  functions 
for  51  such  orbits.  The  tabular  data  and  the  numerical  values  given  in 
the  work  can  be  particularly  depended  upon,  by  reason  of  the  repeated 
revisions.  We  have  noted  a  slip  on  page  713,  where  the  linear  velocity 
of  rotation  of  the  Andromeda  Nebula,  N.G.C.  224,  at  a  distance  of  2' 
from  the  center,  is  given  as  88,  where  it  should  be  58,  kilometers  per 
second.  On  the  same  page  there  seems  to  be  also  a  misunderstanding 
about  the  rotation  of  the  Andromeda  Nebula,  which  was  actually  found 
to  vary  in  a  linear  manner  from  the  center  outward,  and  not  just  as 
stated  in  this  book.  The  discussions  of  star  streaming,  of  the  structure 
of  the  universe,  and  of  cosmogony  in  general,  are  sane,  clear,  and  logical. 
The  statement  of  the  problems  as  to  the  character  of  the  spiral  nebulae 
appears  to  us  reasonable.  The  brief  biographical  sketches  of  deceased 
astronomers  who  have  made  important  contributions  to  our  science  have 
been  retained  and  constitute  a  useful  section  of  the  work. 
The  book  is  well  bound  in  moleskin. 

Since  the  above  was  written  we  have  learned  that  the  edition  above 
referred  to,  of  which  6000  copies  were  printed,  was  exhausted  at  the  end 
of  1922.  This,  in  itself,  is  sufficient  and  surprising  evidence  of  the 
popularity  of  this  work  among  readers  of  the  German  language.  A 
seventh  edition  was  published  at  the  beginning  of  the  present  year. 
Aside  from  the  correction  of  errors  and  the  revision  of  some  tables, 
the  seventh  edition  differs  from  the  sixth  chiefly  in  the  inclusion  of  an 
appendix  (Nachtrag)  of  20  pages,  intended  to  cover  the  main  items  of 
astronomical  progress  in  the  last  two  years.  This  brings  the  total  num- 
ber of  pages  of  the  seventh  edition  to  902.  The  reviewer  has  read 
this  supplement,  but  has  not  seen  the  main  body  of  the  seventh  edi- 
tion. The  price  has  been  set  at  23  Swiss  francs,  or  about  $4.50,  for 
the  bound  volume;    and  20  Swiss  francs  for  the  work  in  paper  binding. 

We  have  also  received  definite  information  that  a  translation  of  this 
work,  based  on  the  seventh  edition,  is  at  last  to  appear  in  English. 
It  is  being  undertaken  by  Dr.  Henry  Meier  of  Centre  College,  Danville, 
Kentucky,  who  was  employed  in  the  Nautical  Almanac  olfice  under 
Professor  Newcomb  soon  after  his  arrival  from  Switzerland,  and  who 
was  also  Professor  Newcomb's  assistant  from  1885  to  1896.  He  is  thus 
qualified  for  preparing  this  American  edition.  It  is  certain  that  this 
edition  in  English  will  be  warmly  welcomed  and  widely  used. 

E.  B.  F. 


GENERAL  INDEX  TO  ASTROPHYSICAL  JOURNAL, 
VOLS.  XXVI-L  (1907-1919) 

The  Editors  announce  with  pleasure  that  a  General  Index  to 
Volumes  XXVI-L  (1907-19 19)  of  the  Astrophysical  Journal  has 
been  prepared  by  Professor  Storrs  B.  Barrett,  of  the  Yerkes  Observa- 
tory, and  is  now  ready  for  distribution. 

This  General  Index  is  uniform  in  style  with  the  General  Index 
to  Volumes  I-XXV  (1895-1907),  which  was  also  compiled  by 
Mr.  Barrett  and  appeared  in  1908.  It  is  arranged  by  subjects  and 
by  authors,  forming  a  volume  of  1 16  pages,  and  is  of  the  same  format 
as  this  Journal. 

From  our  own  experience  in  the  use  of  the  first  General  Index, 
we  can  speak  with  assurance  of  the  value  of  this  second  General 
Index  to  all  users  of  the  Journal. 

The  University  of  Chicago  Press  has  fixed  the  price  of  the  new 
index  at  $2.50,  in  paper  covers,  and  makes  a  special  offer,  until 
April  I,  1924,  of  the  two  General  Indices  for  $3.25. 

To  subscribers  whose  set  of  the  Journal  does  not  include  the 
early  volumes,  the  first  General  Index  will  serve  as  a  bibliography 
of  the  papers  appearing  in  those  volumes,  many  of  which  are  now 
out  of  print. 
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